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ABSTRACT
The investigation reported in this thesis was carried out to study the adhesion
between epoxy coatings and an alloy-coated steel sheet substrate. The main aspects
studied were (1) developing and evaluating a suitable test method for measuring
adhesion; (2) the effects of test conditions (temperature and loading rate ) on the
adhesion; (3) the effects of different coating curing techniques on the adhesion; and
(4) the effects of material factors (thickness of coating and composition of coating
materials ) on the adhesion.

A number of test methods were studied and compared in this investigation. The
results have shown that a "pull-off" test is the best method for measuring the
adhesion between the epoxy coating and metallic substrate because it can supply more
information regarding the mechanisms of adhesion and its failure.

The adhesion was measured from -30 to 120 °C with loading rate from 0.001 to 60
m m / m i n . Test results showed that increasing the loading rate decreases the adhesion,
since a higher loading rate results in higher stress concentration at the tips of micro
cracks at the interface between the coating and substrate. However, the adhesion
increases to a m a x i m u m as the test temperature increases since more viscoelastic flow
and plastic deformation can occur at high temperature resulting in a higher toughness.
The adhesion decreased at higher temperature due to a decrease in the modulus of the
epoxy. T h e behaviour could be accurately predicted using a fracture mechanics
model.

Analyses of the effect of cure conditions on the adhesion were undertaken. Samples
baked at 232 °C for a various time from 3 to 63 minutes showed that the adhesion
strength passes through a maximum. Crosslink density, modulus and Tg increase
with curing time up to a maximum value with the result that the pull off force also
increases. At longer cure times the adhesion decreases due to brittleness resulting
from degradation of the coating. A second baking cycle ( as commonly used in
industry ) was found to have a similar effect to extending the cure time.

In industrial coating processes, the coating is water quenched following baking.
Chemical and physical changes occur in the coating during the cooling process.

Chemical changes result in the formation of crosslinks, while physical changes resul

in internal stress occurring between the coating and the substrate. Increasing cooli
rate results in decreasing adhesion because it produces a lower modulus and higher
internal stress. The internal stress was found to dominate in the system studied in
investigation.

The coating adhesion increases with increasing peak curing temperature and longer

heating time due to an increase in modulus and better wetting of thesubstrate. If th
peak curing temperature is too high, however, degradation of the coating occurs and
the adhesion decreases.

The effects of three factors (thickness of coating, ratio of pigment to binder and
ratio of resin to hardener ) on the adhesion were studied. Thicker coatings show

lower adhesion due to the generation of higher internal stress. The adhesion general
increases as the amount of pigment used increases, because the modulus of coating
also increases. However, the pigment may decrease the wettability of coating and
form larger micro-cracks between the coating and the substrate, which are likely to
reduce adhesion. Increasing the amount of hardener can increase the adhesion

vi

because the modulus of the coating increases. In some cases the increase in adhesion
with increasing hardener was not profound, and in a few cases the adhesion actually
decreased slightly. These anomalous results are attributed to the secondary effect of
increasing crosslink density and hence an increased brittleness. Test results also
showed that only the pigment to binder ratio combined with the thickness shows a
two-factor effect on the adhesion; the effect of three-factors on the adhesion was not
significant.
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PART A. LITERATURE REVIEW
Chapter 1. ORGANIC COATINGS

1.1 History of Coatings Development

Painting dates back over 100 thousand years[l-3], as evidenced by ancient cave
paintings. Since that time there have been great advances in paint technology[4]. For
example, around 2000 B.C. the Egyptians expanded the available pigments to include

red, green and blue by grinding baked potters clay. Chinese in the Chou dynasty ( 112
222 B.C. ) used less pigments but more resins in their lacquers for decoration of

carriages and weapons. Linseed oil, which was used in paints after about 200 A.D., was
found to cure ( or crosslink ) when exposed to oxygen in the air and was widely used

paints to the 11th century. In the 17th century, as lead paints became available, pain

used as a preservative for wooden structures [1]. Each year, tens of thousands of coat
types are manufactured. The U.S. consumption in 1987 was about 3.8 x 106m3 with a

value of about 10 billion dollars. The paint industry is immense, which is testimony t

importance of paints to our modern society. Yet still there are new developments in p
technology with the developments of new formulations to meet new performance,
environmental and economic requirements.

1.2 Coatings for Protection

An important function of organic coatings is to protect the substrate. Many metal mat
exposed to humid atmospheres or immersed in electrolytes will be corroded at a very

rapid rate. To reduce the rate of corrosion metals are often painted. The paint serves
primarily as a moisture barrier, but also may contain corrosion inhibitors.

2
Paints are also used as protective coatings for wood. In this case the paint acts as a
moisture barrier and a barrier to various organisms [5].

In some cases function of the coating is many-fold [6]. For example, exterior automoti

coatings are used for both decorative and protective functions. Interior flat wall pai
used for their decorative value, but also provide a functional value, namely diffuse
reflectance of light to provide more uniform illumination.

1.3 Types of Organic Coatings

Based on the application mechanism coating can be classified into two groups,
thermoplastic and thermosetting coatings [7-8].

1.3.1 Thermoplastic Coatings

Thermoplastic coatings consist only of uncrosslinked polymer molecules. They contain a
least one polymer with sufficiently high molecular weight to provide the required
mechanical strength properties without further polymerization. The advantages of this
kind of coatings includes drying by solvent evaporation and redissolvability in an

appropriate solvent. Disadvantages include their sensitivity to heat. For example, they
may become soft and sticky under hot sun light [9].

1.3.2 Thermosetting Coatings

Thermosetting coatings contain lower molecular weight polymers and involve further
polymerization during the chemical reactions as they dry. This produces a fine film of

three-dimensional cross-linked molecular network, which provides useful properties suc
as solvent and heat resistance. This class of coatings includes both ambient-cured and

oven baked, so that a diverse set of coatings falls into this class [10]. These include

3
traditional oil paints, which cross-link by gradual addition of atmospheric oxygen across
double bonds, to modern epoxy-polyester powder coatings, which are cross-linked
rapidly by heating in an oven.

1.4 Materials of Organic Coatings

The coating materials can be basically illustrated as in Fig 1-1 [11]:

Coating

pigment

varnish

1—H
coloured
pigment

extender

r-^-i

,
film former
(polymer)

liquid
.

additives

I—H
solvent

diluent

The composition of coating material
Fig 1-1

1.4.1 Pigments

According to ASTM D16-47 [12], a pigment consists of fine solid particles used in the
paint and is insoluble in the vehicle.

Pigments are very important in determining the properties of the coating. Pigment type,
content and particle size affect the gloss, mechanical properties, the viscosity and hence
the application properties of the coating. In addition, some pigments act as corrosion
inhibitors.
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Pigment particle size, shape and particle-size distribution also affect the properties of

pigment [13-14]. Generally the pigment particles are aggregated in the process of drying.
The coatings manufacturer must disperse these dry pigment aggregates into the individual
particles when mixing them into coating materials. The disintegration of pigments by
milling improves color strength and brightness, but increases viscosity [15].

There are three kind of pigments used in coatings: white pigments, colour pigments and

inert pigments. The ideal white pigment absorbs no visible light and efficiently scatters

light entering the film. Light scattering is also affected by the particle size of the pi
and by its concentration.

A wide variety of colour pigments are used in coatings. Color pigments can selectively
absorb some wavelengths of visible light. The selection of color pigments is based on

color, cost, transparency, durability, and resistance to heat, chemicals, and bleeding, an

other factors. Smaller particle-size color pigments can absorb visible light more strongl
However, other properties are commonly adversely affected if the particle size is too
small. Pigments are produced with average particle size that provide the best compromise
of color strength and other properties.

Inert pigments do not exhibit significant absorption or scattering of light when used in
coatings. The main function of the inert pigments is to occupy volume in the coating
composition. This is to modify rheology and dry-film properties of the coating. Although
such effects could be obtained by using higher volumes of white and colour pigments the
same can generally be obtained by using less expensive inert pigments.

1.4.2 Additives

Many of the additives used for polymers, such as stabilizers, fillers, plasticisers etc.,
also used in coatings.[16-17]. However, there are other additives that are specifically
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used for coatings. These include antiskining agents, flooding control agents, flatting
agents, antilivering agents and leveling agents etc. [18].

A. Antiskining agents prevent the formation of a skin during drying [19].

B. Flooding control agents maintain a uniform particle dispersion thus preventing the
separation of pigments (flooding) which can lead to colour variations [20].

C. Flatting agents reduce the gloss of the paint. Fumed silica gel and surfactants are
commonly used [21].

D. Antilivering agents reduce the tendency for gelling by interaction between the pigment
and the resin (livering). Antilivering agents such as fatty acid ester glycol ethers and
amino-2-methyl-l propane are used to enhance stability [22].

E. Leveling agents assist in the removal of brush marks after paint application.

1.4.3 Solvents

Solvents are essential for reducing the viscosity of paints using high molecular weight
resins. A low viscosity is important for controlling the coating thickness and enabling
proper wetting of the substrate. The solvent evaporates from the coating during or after
curing to effect the " drying " of the paint.

Common solvents include water, aliphatic hydrocarbon mixtures, aromatic hydrocarbons,

alcohol, esters, ketone, ether and ether-alcohol, nitroparaffins and chloroparaffins [23].
The most important properties of a solvent for coating applications are solvency,
viscosity, boiling point, evaporation rate, flash point, chemical nature, toxicity, odour
and cost. The volume fraction and viscosity of the solvent strongly affect the viscosity
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the resin mixed with the solvent. Also the thickness of the coating will affect solv
retention. For thicker coatings the solvent retention is greater at given cure time

the solvent evaporates more slowly and some residual solvent remains in the coatings

after the curing process. This is likely to adversely affect the properties of the c

1.4.4 Resins

There are many kinds of resins which can be used as coating materials. The main resi

used in coating are alkyds resins, amino resins, acrylic resins, polyesters and epox
resins. Epoxy coatings are described in more detail in Section 1.5.

Alkyds are low cost cross-linking coatings for air-dry or force-dry applications. Th

advantages of this resin are their low cost and easy application due to their low su

tension. The main disadvantages of this resin are embrittlement and discoloration wi
and low saponification resistance.

Most amino resins used in coatings are melamine-formaldehyde or urea-formaldehyde

resins, but other amino resins are also employed. Urea-formaldehyde resins are norma

used in coatings for wood furniture. Some resins are used in coatings for home laund
machines because high detergent resistance is required.

Aery he resins can be separated into thermoplastic and thermosetting acrylics. Acryl

widely used in many industries such as automobiles (including top coats ), architect

coatings and enamel coatings. The main advantages of acrylic coatings are their high
degree of resistance to embrittlement and exterior durability.

Polyesters are low molecular weight hydroxy- ( or occasionally carboxylic acid- )
terminated, oil-free polyesters. These resins have been one important class of
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replacements for alkyd resins in melamine-formaldehyde cross-linked baking enamel.

Polyesters are preferred over acrylic resins when direct adhesion to metal is require

1.5 Epoxy Coatings
1.5.1 Epoxy Resins

Epoxy resins are characterized by the presence of at least two epoxy group per macromolecule. The epoxy, or epoxide, oxirane, or ethoxyline group, consists of the threemembered ring:

0

Commercial epoxy resins contain aliphatic, cycloaliphatic or aromatic backbones. The

capability of the epoxy group to react with a variety of other functional groups impar

versatility to the resins. After reaction with curing agents, which crosslink the epox

macromolecules an insoluble and intractable thermoset polymer is formed. The propertie

may be varied widely by modification to the resin and / or hardener and by the additio

additives. This versatility makes epoxies ideal as adhesives, coatings and matrix resi
for composites.

The main characteristics of epoxy resins are as follows [24]:

1. Adhesion. Because of their epoxy and hydroxyl groups, the epoxies have high

adhesion to metals, glass and ceramics materials. Wetting, spreading and penetration o
these resins can be achieved by producing low viscosity resins..

2. Cohesion. If the resin is properly cured, the cohesive strength of this resin shoul

very high. Thus, as adhesion of epoxy to other materials also is very good, the failur
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under stress often occurs in one of the adherends rather than in the epoxy or at the
interface.

3. Resistance to moisture and solvents. Compared with other resins, the epoxy resin has

higher moisture resistance ( although epoxy-metal adhesion can be degraded by moisture

refer to Section 2.4.4 ). Also, their solvent resistance is very high which accounts fo
their use in many coatings.

4. Low creep. Under prolonged stress cured epoxies will keep their shape, showing littl
creep.

Unlike phenolics and some other resinous adhesives, epoxies cure without releasing
water or other condensation by-products.

5. Temperature resistance. Epoxies can be formulated to give cured solids that can be
used to 200°C.

6. Low shrinkage. Compared with the other resins the epoxy resins have lower
shrinkage. This occurs because epoxies cure without releasing water or other reaction
products, as occurs with phenolics and others.

There are different kinds of epoxy resins [25]. These are (1) liquid epichlorohydrinbisphenol A resins, (2) phenoxy resins, (3) multifunctional epoxy resins, (4)
cycloaliphatic epoxy resins and (5) epoxidized oils. Among these resins the liquid
epichlorohydrin-bisphenol A resins are most widely used in coating and adhesives. The
structural formula of this resin can be described as follows:
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O
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Liquid Epichlorohydrin-Bisphenol A resin

This type of epoxy resin contains a maximum of two epoxide rings at the ends of the
molecule and a number (which m a y be zero) of hydroxyl groups along the chain. These
hydroxyl groups play an important role to ensure adhesion to polar surfaces by V a n der
Waals and / or acid-base interactions at the interface. Because the carbon-carbon and ether
linkages in the polymer chain are very stable, these resins have good chemical resistance.
O n e of the disadvantages of epoxy resins is brittleness since the benzene rings introduce
rigidity into the polymer backbone. T o reduce the brittleness rubber additives are often
used.

1.5.2 Curing Mechanisms

Optimum properties of epoxy resins can be obtained only after cross-linking the resins
into a three-dimensional insoluble and infusible network. The resin is treated with a
curing agent or hardener, its choice depends on processing method, curing conditions,
and the physical and chemical properties desired. During the curing process the epoxy
resin molecules cross-link with each other or through the hardener molecule. The type of
cross-link formed depends on the kind of curing agents used.

All hardener can be classified as either catalytic or coreactive types. A catalytic curing
agent functions as an initiator for epoxy resin homopolymerization, whereas the
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coreactive curing agent acts as a comonomer in the polymerization process. There are
three basic coreactive cross-linking reactions [26], as described below:

A. Epoxy resins cross-linked with polyamine hardeners. This mechanism can be shown
by the following example.

-CH—CHj

-CH-CH2<- N H 2 R N H 2

V

-^ -CHCH 2 -NHRNH—CH 2 CHOH 6H
CH-OH
CH2
-CHCH2 -NRN -CH2CH OH " SH2 OH

I
CH—OH

B. Epoxy resins cross-link with other resins which contains hydroxyl groups. The

reaction principle is addition of hydroxyl to the epoxide ring ( as in the preparati

epoxy resins ), but condensation reactions between the hydroxyl group occur to a les
extent.

OH

OH

CO OH

CHOH
I
CH.
OH

OH

OH

0
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C. E p o x y resins cross-link with other resins which contain carboxyl groups. T h e
mechanism of the reaction can be shown by the following reaction formulation. A
thermosetting acrylic finish can be obtained by this cross-linking method.

CO-OH

CO-OH

CO-OH

CO-OH

CO OH

CO-OH

CHOH
I
CH 0
I 2
0
CO

1.5.3 Cured Resin Structure and Properties

The curing of a thermoset epoxy resin can be expressed in terms of time-temperaturetransformation (TTT) diagram ( Fig 1-2 ) [27].

If the isothermal cure temperature is below Tg^, the cross-linking reaction does not go

completion. During curing molecular weight increases with curing time. As the result, th
viscosity of the system increases. The cross-linking reaction becomes diffusioncontrolled and eventually is quenched as the material vitrifies [28].

The properties of epoxy resin strongly depend on the structure of the epoxy resin. For
example, the backbone structures of epoxy resin and curing agents strongly affect the

properties of cured epoxy resins i.e. cross-linking with decarboxylic anhydrides yields

3 0009 03140257 6

12
polyesters that are resistant to oxidation, but less so to moisture, especially in the
presence of alkaline components.

T g 0 is the glass-transition temperature of the unreacted resin mixture,
Tgoo is the glass-transition temperature of the full cured resin and
Gel Tg is the glass-transition temperature of the resin at its gel point.

The time-temperature-transformation diagram of thermoset epoxy resin
Fig1-2

The properties of cured epoxy resin are also depend on the density and extent of crosslinking, i.e. degree of cure. The most favorable properties are obtained by optimum
cross-linking. The curing temperature strongly influences the ultimate cross-linking
density and therefore properties. With a certain curing time, a higher curing temperature

will result in higher degree of cross-linking because heating increases molecular mobility

resulting in further reaction. The curing time is also a factor affecting the density of cr
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linking. W h e n the cross-linking reaction becomes diffusion-controlled, a long reaction
time is needed for further reaction.

The structure and the properties of the cured resin also strongly dependent on the rati
the resin to hardener. Network formations for a difunctional epoxy resin and a tetra
functional amine are illustrated in Fig 1-3 [29].

Difunctional epoxy resin

4

Z^

ZX

Z^

Tetrafunctional hardener

• >yK

^ \

Product

C^xl

••yx

^ \

-Z\

+ 2

X

Formation of resin-hardener networks
Fig 1-3

The mechanical properties of a resin system can also be used to estimate the degree of
cure [30-32] as they will change with different degree of curing. For example the
hardness, modulus and the glass transition temperature ( Tg ) will increase with
increasing degree of cure.

1.5.4 Coatings

A s discussed above, high chemical and corrosion resistance, good mechanical and

thermal properties, outstanding adhesion to various substrates, low shrinkage upon cure

flexibility and ability to be processed under variety of conditions are characteristics
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epoxy resins. These characteristics are also ideal for m a n y coatings. Almost 5 0 % of
epoxy resin production is used for high performance coatings and adhesives [33].
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Chapter 2. COATING ADHESION: LITERATURE REVIEW

2.1 Significance of Coating Adhesion

Coatings are used for a variety of purposes in diverse applications in many areas.
Coatings are subjected to many different types of stresses depending on the conditions

use. If the adhesion is low then the coating can delaminate. In most cases it is desira
have a coating that is difficult to remove from the substrate whatever their intended
purpose ( functional, decorative, or protective ). Adhesion between the substrate and

coating is therefore vital to the successful use of coatings. The study of coating adhe
is also important, as indicated by the following examples:

1. Thin coating films ( <lu\m )are so fragile that they must be supported by a more
substantial substrate, and the degree to which the film can share the strength of the
substrate depends upon the adhesion between the two.

2. Durability, longevity, and wear of coatings depends intimately on the degree of
adhesion between the coating film and substrate.

3. Wherever coatings are used as protective overcoats for environmental protection,
adhesion is very important. If the adhesion is poor, the extent of deterioration of the
substrates by environmental factors ( humidity, corrosive gases ect. ) is greatly
accelerated.

4. Polymeric substrates are metallized to reduce their permeability to gases, which als
depends on the adhesion between the metal and the polymer.

5. In the case of thin-film deposition ( for example by evaporation), adhesion plays an

important role in governing the kinetics of the growth and structure of the films, which
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turn determine their functional performance. Whenever metal coatings are deposited on
base metals, some of the physical properties ( grain structure, integrity, uniformity,
are dictated by adhesion to the base metals.

6. In the case of multilayer structures, adhesion between the individual layers is cruc

7. The adhesion of thick-film (>l(im) conductors (frit bonded and reactivity bonded) i
important in microcircuits fabrication.

These examples show how important adhesion is in coatings technology. Despite much

work in this area, there is still not a full understanding of adhesion and further wor
needed.

There are essentially two aspects of an adhesion study program: understanding of the
factors affecting adhesion and thereby improvement of adhesion strength, and the
measurement of adhesion strength.

2.2 Mechanisms of Adhesion

A great deal of work has been carried out over the last 20 years or so which has attemp

to determine the roles played by surface structure and surface chemistry in the adhesi
bonding of metals [34].

Generally, the adhesion between coating and substrate may involve either physical or
chemical bonding. Chemical bonding consists of reaction between molecules of the

coating and species on the surface of the substrate [35-37]. Physical bonding may resul

from mechanical interlocking or from the force of physical adsorption between the coat
and substrate [38], or by the penetration of coating molecules into the substrate by
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diffusion. These mechanisms can be classified into four categories [39], as described
below.

2.2.1 Mechanical Interlocking

Mechanical interlocking occurs when the substrate surface contains pores into which the
adhesive m a y flow or projections around which the adhesive solidifies [39-41]. The
adhesive then acts as a mechanical anchor. High joint strengths can be obtained in this
w a y even if the intrinsic interaction between adhesive and substrate is low. Mechanical
interlocking plays an important role in bonding wood, textiles, or paper because of their
finely divided and porous nature. In addition, m a n y metals and plastics are etched before
bonding, so that the adhesive can penetrate and lock into the substrate. O n the other hand,
w h e n smooth impenetrable solids such as glass or some metals are to be bonded, this
mechanism is not applicable.

2.2.2 Interdiffusion

A liquid adhesive may dissolve and diffuse into the substrate material. The extent of
diffusion depends upon the affinity of the different types of molecules for one anther.
Generally, adhesive molecules are polymeric and have quite limited compatibility with
substrate molecules, so that the interdiffused layer is usually very thin, 0.5-10nm.
However, in cases where the compatibility is high the interdiffused layer has been found
to be as m u c h as 10 fim thick [42]. Interdiffusion is quite different from mechanical
interlocking. The former involves interpenetration of adhesive and substrate molecules at
the molecular level, whereas in the latter case, the adhesive flows into and around pores
and projections in the substrate that are m u c h larger than molecules.
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2.2.3 Adsorption a n d Surface Reaction

If the substrate is a high density solid such as a metal or ceramic, it is quite unlikely
organic adhesive molecules will be able to diffuse into it. Rather, adhesive bonds are
formed by adhesive molecules adsorbing onto the solid surface and sometimes reacting
with it.

Adsorption is the process whereby an adhesive molecule is attracted to a specific site on

solid surface. The attraction may be the result of van der Waals forces or specific donor
acceptor interactions. Van der Waals forces are attributed to quite general interactions

between molecules. The greater the electric polarity of the two molecules, the greater th
molecular attraction between them. Adhesive and substrate molecules may also possess a
specific chemical character that enhances adhesion by chemisorption (i.e. chemical
reaction at the interface).

2.2.4 Electrostatic Attraction

It has been proposed that electrostatic forces develop at an interface between materials,
that have different electronic band structures [43]. These forces are attributed to the
transfer of electrons across the interface, thus creating positive and negative charges
attracting one another. For example, when an organic polymer is brought into contact

with a metal, electrons are transferred from the metal into the polymer, thereby creating

attracting electrical double layer [44]. There is serious disagreement about the magnitud
of such electrostatic attractions compared to van der Waals interactions. One author

concludes that the electrical double layer makes a small, nearly negligible, contribution
adhesion [45]; others maintain that electrostatic forces are dominant [46-47].
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2.3 M e a s u r e m e n t of Coating Adhesion
2.3.1 Basic Adhesion and Practical Adhesion

According to Mittal [48], the adhesion between a coating and substrate can be separated
into two types: basic adhesion and practical adhesion. The basic adhesion signifies the
interfacial bond strength and should depend exclusively on the interfacial properties,
without any contribution from any other source. Basic adhesion is simply the summation

of all intermolecular or interatomic interactions. These interactions could be electros
chemical, or Van der Waals type. Basic adhesion is strictly an interfacial property and
depends exclusively on the surface characteristics of adhering phases.

During testing if separation occurs at the interface, the measured adhesion is labeled

practical adhesion. It is different to the basic adhesion in that the practical adhesio
affected by many factors such as the thickness of coating, specimen size, specimen
geometry, temperature, measurement technique, manner of applying external force,

manner of performing the test, test rate, properties of coating and substrate and others

Comparing basic adhesion with practical adhesion, it can be seen that

Practical adhesion =/ (basic adhesion, other factors)

Thus, the conclusions are: (a) basic adhesion can be determined only from practical

adhesion provided the contribution due to " other factors " can be quantitatively accou

for in the practical adhesion, (b) different practical adhesion values are obtained fro
different techniques, and (c) there may not be a simple and direct correlation between
practical adhesion and the basic adhesion.
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2.3.2 M e a s u r e m e n t of Practical Adhesion for Coatings

There are many methods for measuring practical adhesion of coatings [49-50]. These
methods include direct pull-off [51-53]; T-bends; reverse impact; moment or topple;

ultracentrifugal; ultrasonic [54]; adhesive tape [55]; peel-off [56-57]; tangential sh

lap shear [58]; scratch or scribe [59-60]; blister [61-63], twisting off [64], wire bon
[65]. Some of these test method are explained below.

1. Wire bond test: when the film is poorly adherent, thermo- compression bonding of 1-

mil wire can cause visible lifts in thick-film gold conductors, particularly if the bo
at the edge of the film. By increasing the wire diameter, it becomes possible to tear
segments of the film ( see Fig 2-1) [66].

tP Wire lead
r-_^ / Solder fillet

Schematic of wire bond test model
Fig 2-1

2. Peel test: one of the most widely used peel tests is the Scotch tape test as shown
2-2. Any removal of the film by the tape indicates that the combined adhesion and

cohesion strengths of the film were too weak to hold the film intact. By varying the a
of pull, the test can be made quantitative [67].
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Fig 2-2
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Schematic of twisting-off test model
Fig 2-3
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3. Twisting off test: as illustrated in Fig 2-3, a gradually increasing torque, L is applied to

the rod cemented to the film surface. The critical torque when the rod is twisted off
the substrate is taken as a measure of the adhesion. The torque is applied through a
wrench fixed to the rod before the measurement.

4. Blister test: this method was analyzed and developed by Williams [61-63]. A coatin
bonded to a rigid substrate except for a central region of radius "a" ( Fig 2-4 ). A
compressed fluid ( such as air or mercury ) is injected into the unbounded region to

the coating, forming a blister whose radius stays fixed until a critical pressure P i

reached. At the critical pressure, the radius of the blister increases, indicating s
of the bonded region.
I
i

Epoxy coating

Schematic of a blister test model
Fig 2-4

5. T-bends test: a strip is cut from a coated sheet and then bent several times unti

coating can not be pulled off by Scotch tape applied on the edge as shown in Fig 2-5
number of bends is used for appraising the adhesive strength.
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Schematic of a T bends test model
Fig 2-5

6. Reverse impact test: the back surface of substrate is impacted. The coated sheet

changes in shape as shown in Fig 2-6. Scotch tape is applied to the surface of the

and pulled as quickly as possible. Repeated impacts at higher forces are performed
the coating can be pulled off. The critical impact energy is used for showing the
strength.

Schematic of a Reverse impact test model
Fig 2-6
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7. Pull off test: test samples are prepared as shown in Fig 2-7. There are two kind of pull
force employed: horizontally or vertically. T h e forces by which the coating is pulled off
are used for showing the adhesive strength.
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Schematic of a pull-off test model
Fig 2-7

8. The scratch / scrape test: this test is performed by contacting the film with a mov
stylus and increasing the force on the stylus until the substrate is exposed.

9. The ultrasonic bath test: This test is a threshold test, since the force induced on
polymer/substrate interface by ultrasonic stimulation falls within a narrow range.

2.4 Factors Affecting Adhesion

Adhesion strength is a complex property dependent on a great number of factors. These
include m a n y properties of the coating ( such as viscosity, surface energy ), substrate
properties (such as surface roughness, purity, surface energy), interfacial properties
(such as internal stress, chemical bonds, wettability) and environmental conditions
( moisture, temperature and pressure ) [67]. T h e factors affecting the initial adhesion
strength are listed in table 2-1.
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Table 2-1

The factors affecting the initial adhesion

micro surface roughness
substrate

microstructure
surface energy

Interfacial

Internal stress

properties

chemical bonds
wettability

penetration into substrate
physical properties
coating material

thickness of coating
composition

environment

temperature
moisture

2.4.1 Effect of Substrate Surface o n Coating Adhesion

Based on the studies of coated surfaces by Fowkes [68], Parks [69], and Zisman and
Shafrin [70], Bolger [71] developed a model ( Fig 2-8 ) which depicts the fundamental

characteristics of the hydrated oxide surface of any metal, metal oxide or silicate. U
exposure to oxygen, many metals form surface metal oxide layers which vary in
thickness and structure, depending on the identity of the base metal and the oxide
formation conditions. The surface oxygen of the metal oxides hydrate to form surface
hydroxyl groups under normal ambient conditions by the way of the following reaction
[71].
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Schematic representation of water and oxide layer on a metal surface
Fig 2-8

From the above discussion, it might appear that an adhesive or polymer coatin

adhere equally to most metals since most have a hydrated oxide surface layer.

this is not the case, because the activity of the hydroxyl group is heavily i

type of metal atom to which it is attached. Furthermore, the number of hydrox
on the surface can be varied by changing the thermal history [71].

The presence of the hydrated oxide surface is advantageous for adhesion syste

it enhances the wetting of metal surface by epoxies and other polar resins. H
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m a n y interactions can take place between the environment and the hydrated metal oxide

layer which can be detrimental to adhesive bonding. The presence of the hydrated ox
layer provides a surface on which water and polar organic contaminants can readily

absorbed and retained. In fact, up to twenty molecular layers of water have been fo

exist on " dry " metal surface in studies of aluminum, copper and iron under normal
ambient conditions. On the other hand non-polar contaminants can be present and

interfere with bonding to some extent. Fig 2-9 shows the various layers of water an

contaminates that can build up on metal surface and interfere with metal/polymer a

[72]. It is obvious that in order to prepare for optimum adhesive bonding the metal
surface will have to be pretreated and dried to remove these weak layers [72].

Absorbed gas
Non polar organic
Polar organic
Water

Oxide Sulfide Salt

Polymer
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Hierarchy of spontaneously adsorbed layers on a metal surface [78]
Fig 2-9

Since Van der Waals forces are short rang it is necessary for the coating to wet the

substrate for adequate adhesion to develop [73]. For this to occur the surface ener

the coating must be lower than the surface energy of the substrate. In the case of m

substrates, clean surfaces have very high surface tensions and most polymeric coatin

will wet a clean metal substrate. As described above, however, real metal surfaces h

oxides and contaminants bound to the surface. These alter the surface energy of the
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Adhesion is also strongly dependent upon the surface roughness of the substrate. In

particular a rough surface promotes mechanical interlocking if the coating penetrates

surface pores. Surface roughness also affects the interfacial area between the coatin

the substrate. Since the force required to remove coatings is related to the geometri
surface area, whereas the forces holding the coating on to the substrate are related

actual interfacial contact area, the difficulty of removing a coating can be increase
increasing the surface roughness. However, greater surface roughness is only of

advantage if the coating penetrates completely into all irregularities, cracks, and c

of the surface. Failure to completely penetrate can lead to less coating to interface

than the corresponding geometric area and will leave voids between the coating and th
substrate, which can cause problems.

Various surface pretreatments are commonly used to promote polymer-metal adhesion.
For example, the adhesion strength of polyethylene-aluminum and polyethylene-steel

joints may be increased considerably by increasing chromium oxide layer (see Fig 2-10
[74].
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as a function of the thickness of a layer of chromium oxide [74].
Fig 2-10
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2.4.2 Effects of Interfacial Properties o n Coating Adhesion
2.4.2.1 Internal Stress

In the past the detrimental effect of internal stress on the adhesion strength has o

ignored. Conversely, in a few cases, the presence of internal stress has been propose

the primary reason of adhesive failure [75-80]. Recent work in this field has shown t
the internal stress plays an important role in reducing the adhesion strength of
metal/polymer systems [ 81-82].

Internal stress is created in polymer coatings and substrates by shrinkage of the po

due to chemical changes [83] and physical changes[84-85] during setting of the coatin

Also, internal stresses develop upon post cure temperature changes due to the differe

in thermal coefficients of expansion between the coating and the substrate [86-87]. T

stresses develop because the interfacial area of the coating is forced to remain at i

original size by adhesion force between the polymer and a rigid metal substrate. Thus

further chemical, physical or temperature change will result in the formation of int

stresses in the system. The viscoelastic nature of the polymer means that it will be

relax a portion of the developed stresses. However, undoubtedly some internal stress
remain and "threaten the cohesive and adhesive properties of the system" [75].

Using an energy balance analysis, Croll [75] has developed a theory which has been

shown to successfully predict the effect of internal stresses on the adhesion streng
of coating systems obtained from peel and pull-off tests. This theory requires the

determination of the recoverable strain energy stored in the coating system from str

strain data, and is limited to coating systems which exhibit adhesive failure. Employ
this theory along with an additional relationship which describes the dependence of
internal stresses on coating thickness, Croll [81] has developed theoretical curves

illustrate the effect of epoxy coating thickness and solvent evaporation rate on the
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strength of tin plate/epoxy systems. Internal stress increases, and hence peel strength

decreases, with an increase in coating thickness. Also, the use of a fast drying solven

will result in minimal internal stress and hence superior peel strength values over tho

achieved using a slow drying solvent. A fast drying solvent is superior because most of

the evaporation occurs while the coating molecules still have sufficient mobility, ow
the small extent of reaction, to relax the stresses formed due to solvent loss.

Solventless epoxy adhesives and coatings generally exhibit a much smaller internal st
build-up than their solution-cast counterparts. Some test results [76] [88] indicate

a solventless epoxy coating cured at elevated temperature, the internal stresses deve
are primarily due to the differences in the thermal expansion coefficients between the
epoxy and the metal substrate. Also, Shimbo et al. [89] pointed out that the degree of
internal stress present in a solventless epoxy system is dependent upon the difference

temperature between the Tg of the epoxy and the use temperature, regardless of the epox
network structure. Therefore, the excess shrinkage of the epoxy resin over that of the

metal, due to its large thermal expansion coefficient, is apparently converted directl
internal stress when the system is cooled below Tg. On the other hand, essentially no

internal stresses are present above the Tg temperature because the network segments hav
sufficient mobility to quickly relax them.

2.4.2.2 Chemical Bonds

Adhesion is strongly affected by chemical interactions between coating and substrate.

a clean steel substrate, hydrogen bonds or weak acid-weak base interactions between the

surface layer of iron oxide that is present on any clean steel surface and polar groups

the polymer molecules of the coating contributes to the adhesion. It has been suggested
that resin molecules containing several polar groups spaced along a flexible backbone

permit orientation of the groups to the interface during coating application. Also, som
rigid segments which promote partial adsorption of those groups to allow interaction
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the balance of the coating resin provides cooperative interactions that enhance adhesion
[90].

Although multiple polar groups on the resin molecule are desirable, too high a number

polar groups can have an adverse effect on adhesion. In most cases when the number of

chemical bonds in the contact zone is increased, the adhesion strength passes through

maximum value. An excessive increase in the size of the interfacial effect may influe
the concentration of mechanical stresses in the sample, and could finally lead to a
decreases in the adhesion strength [91].

Also, if resin molecules are adsorbed with many polar groups oriented toward the stee

surface, the " other side " of the molecules may have very low polarity for interacti
with the balance of the coating. In such a system, the overall adhesion would be
determined not by the adhesion between the steel and the coating, but between a
monolayer and the rest of the coating.

2.4.2.3 Wettability

Wetting may be quantitatively defined with reference to a liquid drop resting on a so
surface as shown in Fig 2-11.
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Thermodynamic equilibrium is defined by equation 2-1:

Ysv = Ysi + TivCosG ( 2-1 )

where, YSV is the surface free energy of the solid substrate resulting from adsorption

vapor, Ysi is surface free energy between solid and liquid and yiv is the surface energ
between liquid and vapor.

It is clear that the increasing ysv will decrease the contact angle 8, i.e. improving
wettability. Various workers [92-96] have examined the kinetics of wetting of molten

polymers on substrates by following the change in the contact angle of molten polymers

as a function of time at different temperatures and reported that this time - tempera
dependence may be expressed by:

cos0t = cos9[ 1-kiexp (-k2t)] ( 2-2)

where ki and k2 are constants and

k2=ylv/riL (2-3)

where r| is the viscosity of the molten polymer and L is a parameter with dimensions o
length, independent of temperature and related to the adhesive/substrate interfacial

interactions. For polymer materials, increasing temperature will result in a decrease

viscosity. Thus, from equations 2-2 and 2-3, it is very clear that increasing contact

and decreasing viscosity of molten polymer will result in contact angle decrease, i.e.

increasing wettability. On a practical level, equations 2-2 and 2-3 may be used at le

provide a guide to the time necessary to attain equilibrium wetting and the effect of
the temperature on the kinetics of wetting.
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Wetting can affect adhesion in two ways. First, incomplete wetting will produce

interfacial defects and thereby lower the adhesive bond strength. Second, better wet
can increase the adhesive bond strength by increasing the work of adhesion, which is

directly proportional to the fracture energy [97]. The exact nature of these relatio
still the subject of intense research [98].

2.4.3 Effect of Coating Materials on Coating Adhesion
2.4.3.1 Coating Properties

It is critical that the coating provides good adhesion to a metal surface by complete

penetration into the surface irregularities of the metal substrate. This requires su

low surface tension to obtain wetting, but the degree of penetration is controlled by
viscosity of the continuous phase of the coating as described above. Although no

rigorous scientific studies of the relationship between coating viscosity and adhesi
been published, the importance of this relationship is evident from the formulating
decisions made over many years in the manufacture of the coatings with good adhesion
performance. Furthermore, because many surface crevices are smaller than the pigment

particles in the coating, the critical viscosity to consider is the viscosity of the
phase of the coating rather than the viscosity of the complete coating [99]. Since

penetration takes time, the initial viscosity of the external phase should be low, an

viscosity should be kept as low as possible for as long as possible. Slowly evaporati
solvents should be used in coatings to be applied directly over metal. Systems that
crosslink slowly minimize the increase of viscosity of the continuous phase. Because
viscosity of the vehicle drops with increasing temperature, baking the coating would
expected to provide better adhesion than a similar coating applied and cured at room

temperature. This confirms the observation that superior performance is obtained with
high temperature baked, slow-cure primers when excellent adhesion is a critical
requirement.
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2.4.3.2 Coating

Thickness

Many reports indicate that the thickness of the coating strongly affects the adhesion

[82][100-102]. As mentioned in Section 2.4.2.1, Croll has developed theoretical curve

which illustrate the effect of epoxy coating thickness on the peel strength of tin p

epoxy system. Internal stress increases and hence peel strength decreases with an in

in coating thickness. The reason for this is the solvent can not evaporate thoroughly
during curing process with thicker coatings. The residual solvent will continuously

evaporate after the curing process is complete. Thus, the coating will contract and t

internal stress between coating and substrate will increase with time. This increasin
internal stress decreases the adhesion strength. The relationship between coating

thickness and adhesion can be seen from Fig 2-12 which is reproduced from Croll's dat
[75].
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2.4.3.3 Coating

Composition

As described above, many factors affect adhesion, e.g. fast drying solvent or slow d

solvent will result in different internal stress. Also, the volume of the solvent is
for control of internal stress. The paint formulation must be optimized to give good

adhesion, as will as maintaining other desirable properties. Consideration must be g
to the type and quality of resin, pigment, solvent, plasticiser and other additives.

Pigments affect the adhesion strongly. As discussed in Section 1.4.1, some pigments

used to improve the adhesion as they improve the resistance of coating to moisture an
weathering. Not only the amount of pigments affect the adhesion, but also the shapes

sizes affect the adhesion. Some research results show that reinforcement of coatings,

especially with lamella pigments, is a key to coatings with long service lives [103].

Plasticisers can also affect the adhesion as it can change the fracture toughness of

coating material. Brittle films - particularly those subjected to temperature change
not survive long, failing by cracking [40]. Those cracks are likely to decrease the
adhesion. For the same reasons the mechanical properties of the polymer binder also

influences the adhesion, as does properties such as the glass transition temperature
The mechanism will be discussed in Chapter 5.

2.4.4 Factors Which Result in Delamination of Coating from Metal
Substrates

In many cases, an important performance requirement for coatings is not only high in
adhesion but also long-term exterior durability. Commonly, under dry conditions, the
strength of metal/coating system is usually governed by the cohesive strength of the
polymer. But many coatings show excellent tensile adhesion to steel but lose this

adhesion after exposure to water at room temperature or elevated temperature [104]. T
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failure of metal/polymer coating systems usually changes from cohesive to interfacial
between the polymer and the substrate [105-110]. Also, the adhesion strength decreases
as the exposure time increases as shown in Fig 2-13.
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Fig 2-13

There are three main strength reduction mechanisms which are discussed in the follow
sections.

2.4.4.1 Displacement of Coating by Water

O n e mechanism which is particularly relevant to epoxy-metal system involves the
displacement of the coating molecules by water. The strong hydrogen bonds in the metal /
epoxy interfacial region which are believed to be one of the primary reasons for the strong
adhesion that are observed under dry conditions can be affected by moisture ingress.
Under wet conditions water can enter the interface between the epoxy coating and
substrate either by diffusion through the bulk of the epoxy, [111-113] as all organic
coatings are permeable to water to some extent, or by migration along the metal / epoxy
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interface [114]. Since water molecules are very strong hydrogen bonding agents, they can

readily break the bonds between the metal and the epoxy coating and form new hydroge
bond with the hydrated oxide surface of the metal. This results in the displacement

epoxy coating from the metal and the formation of a weak water layer at the interfac

presence of the weak water layer can significantly reduce the adhesion strength of t
coating / substrate system [115-117].

2.4.4.2 Oxide Layer Weakening by Hydration

Water can also reduce the adhesion strength by reducing the strength of the metal ox

layer via hydration [118]. Hydration of the oxide layer is detrimental because the r

duminum-, iron-, or other metal-hydrates generally exhibit very poor adhesion to the

base metal. [118]. Therefore, the layer of hydrates will effectively act as a weak bo
layer in the system and decrease adhesion strength (Fig 2-14 ).
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Fig 2-14

2.4.4.3 Corrosion-induced Displacement of Epoxy-based Coating

Locus of failure studies [113][119] on metal epoxy joints that had been exposed to water

indicate that corrosion of the metal substrate does not occur until after interfacia

has occurred. This suggests that, for the case of metal / epoxy protective coating s
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localized corrosion processes are part of an important delamination mechanism [120123].

If a defect or discontinuity exists in the epoxy coating which results in the meta
exposed to an electrolyte, an aqueous corrosion cell can develop. Delamination of the
epoxy coating can be an indirect result of the electrochemical reactions that take place in
the corrosion cell [124-125].

Fig 2-15 shows schematically the primary corrosion reactions that are involved in
corrosion-induced delamination of an epoxy coating from a steel substrate [126].The
anodic reaction is the dissolution of iron ( Fe = F e + 2 + 2e _ ). This reaction can occur at a
site where an aqueous medium is available to accept the ferrous ions which are produced.
A defect in the epoxy coating provide ions by the reduction of oxygen ( H 2 0 + 1/2 0 2 +
2e" = 2 0 H " ) . Thus, corrosion occurs ( F e 2 + + 2 0 H " = Fe (OH) 2 ).
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H20
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Metal oxide

H 2 0 + 1/2 0 2 + 2e"

2 OH~

Schematic diagram of the corrosion-induced delamination
mechanism for a steel / epoxy coating system
Fig 2-15

For Al the corrosive process is high acid due to

Al + 6 H 2 0 -> A l ( H 2 0 ) 3 + 6 + 3e"
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A l ( H 2 0 ) 3 + 6 -> A l ( H 2 0 ) 5 O H 2 + + H +

It is these chemical degradation of the epoxy resin adjacent to the metal/coating i
that provides the pathway for delamitation of the coating [120].

2.5 The Methods for Increasing Coating Adhesion
2.5.1 Substrate Surface Pretreatments
2.5.1.1 Solvent Cleaning

Substrate surfaces are frequently contaminated with oils, greases, etc. and a common

pretreatment is degreasing with either steam, or by wiping the surface with solvent-

dipped clean cloths, or most effectively in liquid and vapor degreasing baths, poss
using an ultrasonic agitator. The solvent pretreatment should be the minimum
pretreatment employed prior to coating [127].

Following the removal of greases and oil, the residual contaminants are usually rem

with an alkaline cleaner which emulsifies the surface contaminants and keeps them in
suspension.

2.5.1.2 Mechanical Abrasion

The methods available include wire brushes, sand and emery papers, abrasive pads and

grit - or shot blasting. The techniques of grit blasting give the most reproducible

and, wherever practicable, are preferred for industrial processes. The mechanical a
methods can increase the roughness of the surface of the substrate. Roughening the

surface of the substrate may lead to increased adhesion strength. These improvement

not only arise from simple mechanical interlocking, but also arise from the very ef
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cleaning action associated with the abrasion process, the increased surface area for
coating and often improved kinetics of wetting.

2.5.1.3 Chemical Pretreatments

Chemical methods consist of the application of organic or inorganic reagents which a

the surface composition and / or increase the surface area. In most cases, the use of

methods results in significant strength increases. However, their use is expensive and
requires close control.

Many metallic surfaces tend to form oxides, which are often detrimental to adhesion.
These oxide films can be removed by mechanical means such as machining or abrasion,

but instantly a new oxide film starts to form. There are acid and alkaline solutions

are effective for the removal of oxides. However, after having been rinsed and dried,
parts have a new oxide film. The new film may offer new properties which are often

more desirable for increasing adhesion such as pores, fibrous projections, or microsc
roughness which can enhance metal/coating adhesion by mechanical means [128].

It has been discovered that [129-131] an anodizing potential applied to aluminum in th
presence of an aggressive electrolyte such as phosphoric acid, an oxide layer can be

produced which has fibrous projections and a developed cell structure. This leads to a

increase in the initial strength and the long-term durability of aluminum/epoxy adhe
system.

2.5.2 Chemical Coupling Agents

Coupling agents are generally low molecular weight multifunctional compounds which
can chemically couple the polymer coating to the metal substrate. They are normally

applied to the metal substrate from solution as a final pretreatment step. Coupling a
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possess the potential to form water stable covalent bonds across the metal/polymer

interface which can increase the adhesion strength and durability of metal / epoxy co
systems [132].

2.5.3 Relieving Internal Stresses
2.5.3.1 Addition of Fillers

Adding fillers to epoxy formulations can reduced the magnitude of the internal stresse
developed upon curing because they act to decrease the difference between the thermal
expansion coefficients of the coating and the substrate by decreasing the thermal

expansion coefficient of the epoxy coating. The addition of fillers such as aluminum o
calcium carbonate have been found to increases the adhesion strength of metal / epoxy

coating system [133]. This may be due to a lowering of the internal stress, or as a re
of the increase in fracture toughness of the coating due to the action of the filler

Fillers are also advantageous because they can reduce the cost and improve the abrasio
resistance of the coating.

2.5.3.2 Addition of Flexibilizers

The internal stress can also be reduced by adding a flexibilizer to the epoxy coating.

monofunctional flexibilizer for epoxy resins usually consists of a long flexible chai

an epoxy functional group at one end [134]. When the curing reaction proceeds primaril
through the reaction of epoxy groups, the addition of monofunctional flexibilizers

decreases the functionality of the system and introduces long free floating chains in
epoxy network. The presence of those floating chains produces a much more loose
network which allows a greater degree of segment mobility. The enhanced mobility

increases the ability of the system to relax the internal stresses that are developed
curing.
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2.5.4 M e t h o d s to Prevent Corrosion-induced Delamination

There are five components that are required to be present at the metal / polymer coat

interface for hydroxide formation to occur. They are (1) water, (2) oxygen, (3) elect

(4) cation counterions, and (5) oxide which is catalytically active for the reduction

reaction [135]. Therefore, by preventing just one of these five required components f

being present in the interfacial region, this destructive cathodic corrosion reaction
stopped.

2.5.4.1 Decreased Water Permeation through the Epoxy Coating

Water can permeate through all organic polymer coating to some extent. One method tha

has shown promise for reducing the permeation of water through epoxy coatings involve
the introduction of fluorine into the epoxy network [136-137]. The amount of water

absorbed into fluorinated epoxy resin coatings has been shown to be as much as 85% le
than that absorbed by a conventional epoxy coating.

2.5.4.2 Reduced Electrical Conductivity of Oxide Layer

Leidheiser [138] has pointed out that if the oxide layer is a poor electrical conduct

also relatively thick, the potential gradient will be too large for the electrons pro

the anodic reaction to pass through at a significant rate. The result is that all the

flow through the coating defect area where the oxide layer has been destroyed, rather

through the oxide layer under the intact coating. Since no electrons are present unde
coating in the area adjacent to the defect corrosion-induced delamination should not

43
2.5.4.3 U s e of Inhibitors

Most corrosion inhibitors are the adsorption type. In general, these are compounds wh
adsorb on the metal surface and act to suppress anodic and / or cathodic corrosion

process. These can therefore act to prevent coating delamination. The use of corrosion
inhibiting fillers in coatings is very common.
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PART B. EXPERIMENTAL W O R K
Chapter 3. THESIS AIMS

Adhesion has been studied extensively since it is key factor in the successful use of

coatings. However, because adhesion is sensitive to many factors, there are still many

unsolved problems that require attention. The purpose of this thesis is twofold. The f
aim has been to increase the basic knowledge concerning adhesion science particularly
it applies to polymer coatings. The approach in this study has been to use fracture

mechanics to interpret the adhesion results. This approach recognizes that the "adhesi
strength" is governed by the initiation of crack growth and propagation of the crack
leading to eventual failure. These processes are successfully described by fracture
mechanics. Indeed many studies over the past three decades of structural adhesive
bonding have utilized fracture mechanics. These have demonstrated the general

applicability of the relationship given by equations 3-1 [139] which is suitable for p
and 3-2 [140] which is suitable for Butt joint:

G= =Uta (3-1)

where G is the fracture energy per unit interfacial area
Go is the debond energy
U is the dissipation energy per unit volume of the adhesive
ta is the adhesive thickness

a = (2KG/d)!/2 (3-2)

where o is failure stress
K is the bulk modulus of adhesive
G is the fracture energy and d is the thickness of adhesive
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Only very recently has fracture mechanics been applied to polymer coating adhesion [6668], although prominent researchers have recognized this need [141] in providing a
deeper understanding of adhesion mechanisms.

The second aim of this thesis was to generate practical information regarding the

influence of various processing variables on the degree of coating adhesion, specific

epoxy primer adhesion to alloy-coated sheet steel. This information is useful in metal

coatings industries where the data available is based on industry standard test method

which provide semi-quantitative data only. Consequently, there is little understandin
the mechanisms of adhesion. With increasing pressure to improve the economic

efficiency and reduce adverse environmental effects from painting these industries are

seeking major changes to the entire painting operation: paint composition, solvent, m
pretreatments and processing conditions. This thesis concentrates on the latter, but
considers briefly different paint compositions.

Epoxy primer have been used for many years as metal coatings. With existing processing

methods the adhesion is excellent. However, it is not known how sensitive the adhesion

is to variations in processing methods (for example curing temperature, heating rate e
This thesis will determine those relationships, and use fracture mechanics to gain a
understanding of the mechanisms of adhesion. To achieve these aims, the following
factors have been considered

1) Development of a suitable, quantitative adhesion test.

2) The effect of test conditions on adhesion.

3) The effect of paint processing conditions and paint composition on adhesion
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3.1 Coating Adhesion Strength M e a s u r e m e n t

Although there are many test methods for measuring adhesion as discussed in 2.3, the
measurement of adhesion is still a problem because all current test methods have
disadvantages.

The blister test, for example, depends on operator judgment in determining the

delamination area. In addition, it requires rather involved processing to prepare th

sample for testing. In sample preparation, membranes are exposed to the wafer etchin

process, which can alter their characteristics before the test begins. If the polyme

has strong adhesion compared to its cohesive strength, then the adhesive strength ca
be measured by this method.

The scratch / scrape test is also dependent upon operator judgment. Also the observe

adhesion will be a strong function of other polymer physical properties ( e.g. hardn
toughness), and of film thickness.

The ultrasonic bath test can be very time-consuming when adhesion is high, during

which time the polymer films must be checked at regular intervals for detachment. Un

its temperature is controlled, the solution is heated over time by ultrasonic energy
increasing the effect that soaking has on results.

As the adhesion measured by reverse impact test or T bends test is measured on the b

of changing the sample shape they do not always provide an appropriate measurement o
adhesion. Such tests would not be appropriate for situations in which the substrate
to be deformed.
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A s each method has its o w n advantages accompanied by inherent limits of application,

until now no ideal measurement method for measuring adhesion is available. It appears
that there is a definite need to expend efforts in the following areas:

(1) Developing nondestructive techniques for measuring practical adhesion.

( 2 ) Thorough understanding of the factors which influence practical adhesion
measurement as determined by a given technique.

( 3 ) The existing promising techniques for measuring practical adhesion should be
standardized, so that results from different investigators can be directly compared.

( 4 ) Cross comparing of various practical adhesion measurement techniques. Some
adhering systems should be tested for practical adhesion by various techniques.

( 5 ) Thorough understanding of the non interfacial contribution to practical adhesio

strength. If these non interfacial contributions are understood and quantified, then

the possibility of determining basic adhesion from measured practical adhesion, prov
a clear-cut interfacial separation.

This study will attempt to find a suitable test method for measuring adhesion between

epoxy coating and a metallic substrate. A test will be sought that can give a quanti
measurement of adhesion and that can be interpreted using the principles of fracture
mechanics.

3.2 The Effect of Temperature on the Coating Adhesion

Temperature is an other factor which affects adhesion as shown by previous work on
structural adhesives.[142-143]. Angelovici [144] showed that the adhesion strength
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increases at low temperature and decreased at high temperature for structure adhesion
( see Fig 3-1).
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Fig 3-1

In another study by Gent and Hamed [143], the strength of joints made with elastomeri
adhesive always increases as the temperature is decreased.

Not only the test results studied by Angelovici and Gent were different but also the
results were not explained by them in detail. Thus, un-solved problems are

(1) Whether the behavior occurring in the structural adhesion will occur in coating /
substrate system and
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(2) If this behavior occurs in coating / substrate system, what is the cause.

3.3 The Effect of Processing Conditions on the Coating Adhesion

For thermosetting polymer materials, properties such as modulus, hardness, toughness
and glass transition temperature all depend on the degree of cross linking ( Fig 3-2 )
[145] which is related the curing temperature and curing time. Thus, the properties of
thermosetting polymer coatings (such as epoxies) will also be related to curing time and
curing temperature. A s discussed in 2.4.3, different coating properties will contribute
differently to the adhesion strength and so the adhesion should be affected by different
curing methods.

If

Crosslink density

The effect of curing time and temperature on the hardness [145]
Fig 3-2

It is also recognized that the curing technique will affect the extent of wetting of the
substrate by the coating as illustrated by equations 2-2 and 2-3. This will affect the
adhesion since better wetting will promote more extensive interfacial interactions and
mechanical interlocking.
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Industrial coating operations need to be conducted as fast as possible, so curing should
be completed rapidly. At the same time, however, the coating adhesion should not be
compromised. As discussed above, the effects of processing variables on the coating

adhesion are not well known. Thus, the study of curing techniques on coating adhesion
has both important theoretical and practical significance. This research program has

studied various processing parameters including heating rate, peak curing temperature

baking time and cooling rate. It was hoped to determine the factors affecting the ad
and provide a practical basis for increasing adhesion.

3.4 The Effect of Coating Composition on the Coating Adhesion

Commercial paints are complex blends of pigments, resin, curing agents and many other

additives. The formulation must be optimized to balance the requirements of the coati

adhesion, gloss, color, permeability etc. Very little information is available in the

literature on the effect of the paint composition on the adhesion. Thus, the final ai
this experimental program was to determine some of these effects and to examine

possible synergistic and antagonistic effects occurring from the interaction of diff
components.
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Chapter 4. BASIC EXPERIMENTAL MATERIALS, METHODS AND
THEORY

4.1 Test Materials

Two different epoxy-based paint primers were supplied by BHP Research for this

study. The first was a silica-filled epoxy primer, while the second was a commerci

available chromate -filled epoxy primer. The first system was formulated to differ

compositions using Epikote 1009 binder ( 44.4% solid epoxy solids ), Resimene 920
hardener ( 60% solid urea formaldehyde ), Strontium chromate and silica ( Syloid

) pigments. Zinc/Aluminum alloy coated steel sheets were used as a substrate for t
paint coating. These were used as received from BHP Steel Pty. Ltd. Two kinds of

adhesives were used for the pull-off test: cyano-acrylate adhesive ("superglue" f
Selleys) and an epoxy ("Redux 410" from Ciba Geigy).

4.2 Coating and Curing Techniques
4.2.1 Coating Techniques

Epoxy resins were coated on the surface of pretreated steel sheet with a draw dow

at room temperature. The thicknesses of coating layers were controlled by differen
draw down bars from #0.003 to #0.032 supplied by BHP Research. The coated sheets

were placed into an heated oven for predetermined time and then cooled at set coo

rates. The holding times and cooling rates employed in each experiment depended on
the aims of the experiment, and are given where appropriate.
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4.2.2 Thickness of the Coatings

As the surface of the coated steel sheet is quite rough, aluminum sheet was used as

substrate for measuring the thickness of coatings. Resin was coated on the surface o

aluminum sheet, cured and cooled with the same curing technique as that of the coati

on the steel. After cooling, the total thickness of coating and substrate was measur
using a micrometer at three randomly chosen positions. Then, the coating at these
positions was removed by dissolving in acetone and, the thicknesses of the uncoated

substrate was determined. Subtraction then gave the coating thickness and the averag
of the three reading was considered as the thickness of the coating.

4.2.3 Curing Ovens

Two kinds of curing ovens were used in this experimental:
A. Electro Chemical Engineering Oven with power 12 kilowatts (Fig 4-1).

B. Tube oven which was used for environmental-controlled curing.
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Electro Chemical Engineering Oven for curing coatings
Fig 4-1

4.2.4 Heating Rate and Cooling Rate

To study the effects of heating or cooling rate on the adhesion it was necessary t
measure the temperature as a function of time, using the system shown in Fig 4-2.
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ZINCALUME
sheet

Extension
vires

Thermocouple

Houston
instrument

£T
Ice Junction (0"C)

Connection head

Schematic diagram of a thermoelectric pyrometer system
Fig 4-2

One bp-Lao thermocouple was spot welded on the surface of the coated steel sheet an

connected to a Houston Recorder, to record the change in temperature with time. The

sheet was placed into the oven and heated and cooled with the same curing technique

that of a coated sample. Thus, a plot of temperature versus time as shown schematic
in Fig 4-3 was produced.

PMT

Time
The plot of temperature versus time of coated steel

sheet for measuring heating and cooling rate

Fig 4-3

55

where, P M T indicates peak metal temperature,
T0 is original temperature and Tf is final temperature,
ti is curing time and t2 is cooling time.

If the effects of absorbed or released heat by resin on the heating or cooling rate

ignored, the average heating or cooling rate can be calculated by following from the
time-temperature data using equations 4-1 and 4-2:

Heatingrate =(PMT-T0)/t! (4-1)

Cooling rate = -( T f - PMT )/12 (4-2)

4.2.5 Environment Controlled Curing

The environmental controlled curing was conducted in a tube furnace as shown in Fig

4-4. Argon flows continuously through the tube oven. The heating and cooling rates o
the sample were measured by the same method discussed in Section 4.2.4.
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•

i
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Thermal insulation layer

-

Working principle diagram of environment curing for coated sample
Fig 4-4

4.3 Adhesive Strength Measurement
4.3.1 Test M e t h o d Evaluation

A s discussed in Section 2.3, there are m a n y different test methods available for
studying adhesion. Each test method has its own advantages and disadvantages but

there is not a universal method suitable for all situations. One test method which is
suitable for measuring the adhesion of one coating may not be suitable for other
conditions, such as different coating materials or different adhesive strengths. For

reasons it is necessary to select a suitable method for evaluating the adhesion of th
system of interest in this study.

Various test methods such as tape, peel-off, lap, fracture and pull-off were studied
(Fig4-5(a),(b) and (c)). The following observations were made:
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Fig 4-5 (a)
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Fig 4-5 (b)
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super glue
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, deformation
tensile test
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Fig 4-5 (c)

Various test models (types a-j) for study adhesion test method
Fig 4-5
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type a): A flexible tape was applied to the surface of primed sample that has been

scored with a cross hatch pattern. The tape was then peeled off and the number
of squares of primer removed was determined. While some coatings can be
removed the test results have shown problems, in particular is the peeling force
was not measured, and is artificially increased as the glue can penetrate the

crack line and adhere to the substrate directly.

type b): A piece of cold-rolled steel sheet was adhered to the surface of primer and
then pulled off. Results show that it is not easy to control the pulling angle ( a )

as the angle changes as the pulling rate changes. Also the adhesive used was

not strong enough to detach the primer.

type c): Flexible metallic tapes ( aluminum, annealed steel and metallic glass ) were

adhered to the primer with different adhesives and pulled off. In this case the
pulling angle can be controlled at 90°, but adhesion between the tape and

primer was lower than that between the primer and alloy coated substrate.

Thus, the primer could not be removed.

type d): A tape was applied to a surface of primer and then the middle part of the
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substrate was dissolved in acid. The sample was bent and pulled as shown in

type d. The results evinced the adhesion between tape and primer was weaker

than that between primer and alloy. The primer failed cohesively before it

could be detached from the substrate.

type e): The surfaces of two primers were adhered together and tested in a " T "
geometry.

type f): The surfaces of two primers were lapped and adhered. The adhered sample wa

loaded in tension.

type g): Two test bars were adhered to both sides of the substrate and a V groove,
which is used for stress concentration, was machined in one edge. The

sample was loaded under the three point forces.

type h): A steel plate was adhered to both sides of the substrate and the sample wa

loaded under the three point forces at one end of the sample.

Test results of types e-h) show that the adhesive is not strong enough for the prim
removed.

type i): It was very hard to keep the coated sample vertical to the pull axis. Results
show that it was very hard to keep the coated sample vertical to the pull axis. It

is not suitable for measuring large amounts of test samples.

type j): A steel test bar was adhered to the surface of the coating and then pulled as
shown in Fig 4-5(c). This method proved to be satisfactory with most of the

coating being removed in most cases. The adhesion strength can be determined
from the pull-off force and from the amount of coating removed.

Results show that type j is the best method for measuring the adhesion in this study.
The advantages include:

1) A s the sample preparation and test operation are simple and reproducible, it was
possible to measure a wide range of adhesion strengths on the substrate/coating
system. Also, test results were not sensitive to operator experience.

2) It is seldom affected by other factors such as thickness, peeling angle etc. O f
cause the adhesion strength will be affected by thickness. But this variation results
from the coating/substrate system, and not from the test method itself.

3) It can be used for comparing samples to each other as well as providing an
absolute measure of tensile strength quantitatively.

4) For samples which had both primer and topcoat, it was very easy to decide which
adhesion ( primer / substrate or primer / topcoat) is stronger. If adhesion between
primer and topcoat is weaker, the adhesion between primer / substrate also can be
measured after removing the topcoat.

5) The information provided by thetest, such as fracture energy, yield strength,
relative modulus of coating, stress relaxation as well as detachment load, is very
useful for the study of the mechanism of adhesion. In addition, the percentage of
coating detached can be determined and can be used as an indicator of adhesion.

6) The tensile test results show that the tensile strength will vary as the loading r
and test temperature changes. Thus, this test method is suitable for studying the
effects of environment on the adhesion. As the test conditions simulate in-service
condition ( e.g. the environment temperature or the load on the coating surface will
change during service ), the test result can give more relevant information.

7) If the cohesion of the topcoat or primer is weaker than the adhesion, then this wi
also be apparent using this test.

The method does have disadvantages. For example,

1) Coatings that show very high adhesion can not be assessed. Since failure occurs
within the adhesive or within either substrate, or between test bar and primer or test
bar and adhesive.

2) If the cohesive strength of the coating is weak, then the adhesion can not be
measured.

3) This study has shown that the error is large, especially at higher adhesive strength
(typically 30% ). To account for this variability many specimens must be tested.
Observing and analyzing test results has shown that the variability of the results
came mainly from

a) incorrect treatment of adhesive surface.

b) incorrect use of adhesive.

c) unsuitable grip design.

d) different loading rates.

e) inaccurate recording of the data.

f) inhomogeneity of coating.

Examination of these sources of error has led to the following recommendations:

1) Adherent surface and adhesive: The adherent surface of test bar must be scored
by the same grade abrasive and must be adhered precisely perpendicular to the test

bar. Excess adhesive and primer around the bottom of the test bar must be removed
otherwise the excess adhesion coming from adhesive and primer will increase
tensile strength. It is better not to use mechanical methods to remove the excess, as
they may produce debonding or other defects in the interfacial region. The best
method to remove excess adhesive and primer is by dissolution. Acetone can be
used to dissolve most kinds of adhesive and coating, and it does not damage the
structure of the adhesive primer interface.

2) Design of grips: The key requirement of the design of grip design is to ensure

axial alignment of upper grip, stationary grip, test bar and primer surface. Otherwise
the stress field in the primer and alloy will not be uniform. This will result in nonuniform stress concentration and variability in results.

3) Strain rate: Different strain rates will affect the adhesive joint strength. This h
been studied in detail and discussed in chapter 4.

4) Recording speed of instrument: At times the loading rate is very fast and the
recording speed of instrument used for data acquisition must be very high otherwise
it can not accurately record the test data.

5) Homogeneity of coating specimen: Sometimes the variety of the test results is
due to an inhomogeneous specimen coating. Different thicknesses of primer have
different adhesion, as described in Chapter 7.
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4.3.2. Test Process

A. Test specimens and their preparation

The preparation procedure for each test specimen is as follows:

1) A small square piece of coated substrate was cut from the larger sheet. The coated
surface (primer) was then wiped with a clean cloth soaked in methanol to remove all
grease and dust.

2) Grade 80 abrasive was then used to score the surface of the test bar. The surface
cleaned by rinsing in methanol and by placing in ultrasonic bath to remove all loose
particles.

3) Adhesive was applied to the joint surface of the test bar and this was then joined
the surface of primer. The sample was then left for 24 hours before testing. In this
experimental study two adhesives (Super glue from Selleys and Redux 410 from Ciba
Geigy ) were used and both found to be satisfactory in removing the primer from the
metal, although the pull-off force depended upon which adhesive was used. Thus,
comparative studies always used the same adhesive.

4) Prior to testing, excess adhesive and coating was removed from around the bottom
of the test bar with acetone ( Fig 4-6 ). In some cases, a strengthening steel plate

glued to the back side of the substrate sheet to prevent test sample deformation. Thi
test sample is denoted as system I.
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test bar

epoxy coating (primer)

steel
ziru;/alujnmium
auoy

System I: Test bar w a s adhered to the surface of the epoxy coating. Excess
adhesive and coating w a s removed from around the bottom of the test bar
with acetone. A load P w a s applied to the test bar in order to remove the epoxy

primer coating.

Fig 4-6

A s discussed in Section 4.4 and 4.5 the fracture energy and relative elastic modulus
(respectively) of the coating can be obtained using the pull-off test. For these analyses
the deformation of the adhesive and the substrate must be subtracted from the total
deformation to give that corresponding to the coating alone. Thus, the pull-off test is
performed on an unpainted steel sample as shown in Fig 4-7. This type of sample is
denoted" SystemII".

5
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alloy
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System II: test bar is adhered to the surface of unpainted alloy
Fig 4-7

B. Test equipment

After preparation, the test specimen was assembled in the grips as shown in Fig 4-8.

The grips and specimen were then placed in an environmental chamber installed within
the INSTRON 4302 tensile testing machine ( Fig 4-9 ). The loading rate was controlled
by the test machine. The test temperature can be controlled by combined electric
heating and carbon dioxide cooling. Test data and the load-extension curve were
recorded and displayed using a computer connected to the tensile test machine.

C. Test data analysis

At least three specimens were tested for each system to provide information on the

spread of results. It was found that the variation of test results for the same group of
samples was quite large. To decrease this variation much work was done to control the
test and sample preparation method (e.g. ensuring that the tensile axis of the test bar
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was perpendicular to the coating sheet, increasing the recording speed of the computer,
applying the same thickness of adhesive). The average of the three peak loads was
considered as the adhesive strength for the system. If the error was higher than 20%

more samples were tested at the same test conditions until the error was less than 20%.

upper gnp

Assembly of grips and the test specimen for tensile test
Fig 4-8
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I N S T R O N 4302 tensile test machine used for measuring coating adhesion
Fig 4-9

4.4 Fracture Energies Absorbed by Coating and Coating/Substrate System

During pull-off tests, the load (P)-extension (e) curve was recorded by the compu

shown in Fig 4-10. The energy absorbed (G) by the whole test system during pull-o
test is given by calculating the integral area beneath the load-extension curve.
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Assuming the energy absorbed by test bar can be ignored, the fracture energy of the
coating / substrate system GTC is calculated from the following equation:

Gic= G - Gic 2

(4-3)

G: Fracture energy absorbed by the whole test system

Gic2: Fracture energy absorbed by adhesive

T o remove the extrinsic effect of the adhesive on the measured fracture energy of

coating / substrate system, a test bar was cast from Redux adhesive as shown in Fi
11(a). The test system as shown in Fig 4-11 (b ) was employed.
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Redux test bar

steel test bar

coating
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The Redux test bar for calculating
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Test system for measuring adhesion

fracture energy Gic 2 absorbed by Redux

(a)

(b)

* Both cross areas of Redux test bar and steel test bar are S1.

Fig 4-11

Redux test bar was pulled by tensile test machine and its behavior of load - extension is
shown in Fig 4-12.

Behaviour of Redux test bar

55
•s

extension A L ( m m )
Load - extension behavior of Redux test bar
Fig 4-12

W h e n P = P m a x , the energy absorbed by the Redux test bar G R t b during the loading
process can be calculated from the following equation:

max

P(AL)d(AL)

(4-4)

For the adhesive test system ( Fig 4-11(b) ), the energy absorbed by Redux is G i C 2
when the load is at the m a x i m u m load P m a x . Assuming the energy absorbed by the
Redux adhesive during the coating adhesion test is not affected by the test bar or
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substrate, and also, assuming the load distributed in the cast Redux test bar is uniform,
then

G

Rtb _ U
Gic 2 L 2

( 4.5 )

Thus,
•ALmax

P(AL)d(AL) (4-6)
S,L,J
o

GIC2 = T^-|

For the test using Superglue as the adhesive, since the Superglue can not be cast into a

test bar, the following method was used for approximating the fracture energy absorb
by the coating. A comparison was made between the load-extension curves recorded

for Systems I (test bar adhered to coated steel) and II (test bar adhered to uncoate
steel).

As shown in Fig 4-13, GTC-I is the fracture energy absorbed by system I and GTC-II is the
energy absorbed by system II at the same maximum load of system I.

Thus, the fracture energy absorbed by the coating is given by the equation (4-7 ):

Gic = GIC-I - GIC-II

Gic-i: fracture energy of system I

(4"7 )
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Gic-n: absorbed energy of system II at the same maximum loading of system I

GTC-C:

fracture energy absorbed by coating

Extension

•

Fracture energy absorbed by systems I and II during the pull-off test
Fig 4-13

4.5 Measurement of Coating Modulus

The elastic modulus of the coatings has been measured by two methods: ultramicroindentation testing, and the pull-off adhesion test.
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4.5.1 Ultra-microindentation Testing

Conventional micro-hardness tests are unsuitable for surface layers less than a few
micrometers thick. However, the UMIS 2000 Ultra Micro-Indentation Instrument (Fig

4-14 ) can be used to measure the modulus of polymer coatings of only a few microns
in thickness. The measurement taken with the UMIS-2000 can be presented as
load/unload plots that also provide a measure of elastic modulus (Fig 4-15 ).

U M I S 2000 Ultra Micro-Indentation Instrument

used for measuring the modulus of polymer coating
Fig 4-14
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Total penetration h(
m

•s

Penetration
Principle diagram for measuring the modulus of coatings by the U M I S 2000
Fig 4-15

Thus, the composite elastic-modulus E' can be calculated from equation 4-8:

F = F m h/(h r hp)S = F m h p / h e S

(4-8)

where, S is the cross section area of penetration
h is the thickness of coating, as defined in Fig 4-15

The U M I S - 2 0 0 0 enables a load-partial unload incremental process to be used w h e n
indenting the sample. The information obtained from the unloading provides a measure
of the elastic modulus as a function of penetration depth. The idea is represented in Fig
4-16. In the present study the modulus was found to be constant at different penetration

78
depths (as represented in Fig 4-16b) and the average value was taken as the composite
elastic modulus.
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a) Schematic of load-partial unload data obtained from indentation using U M I S 2000
b) Typical modulus data for epoxy coating as a function of indentation depth

Fig 4-16
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According to the theory of composite materials the composite elastic modulus, E' can
also be given by:

1/E' = (1-v2) IE + (1-vi2) / Ei

( 4-9 )

Here, v and E are Poisson's ratio and elastic modulus of the coating respectively, Viand
Ej are Poisson's ratio and elastic modulus for the indenter material. For the diamond
indenter,
Ei» E, thus
1/E' = (1-v2) IE ( 4-10 )

A s v = 0.35 for epoxy resins [161], then the modulus of the coating ( E ) can be given
by:

E = 0.88E'

(4-11)

For samples with thin coatings, the measurement data is usually affected by the
metallic substrate, and the test curve shows two regions as shown in Fig 4-17. W h e n
this was observed, the modulus at region I was considered as the modulus of the
coating.
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/////////////////////////

II

Step I: At initial stage, elastic deformation of polymer was not affected by
substrate as stress field is very small.

Step II: Expanding stress field is restricted which results in the degree of

elastic deformation decreasing and the modulus increasing.

Step III: Indenter touches the substrate and modulus measured mainly results from

the substrate and, so, is higher and nearly constant.

Fig 4-17

The following procedures were used for U M I S - 2 0 0 0 testing of the primer:
1) Spherical (10pm) indentor (10CY) was used.
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2) Maximum force was 7 mN.

3) At least three different positions were measured for each sample. The distance
between two indents was 50 |im.

4) The depth of indentation was controlled to less than the thickness of the primer.

5) The modulus value in region I (see Fig 4-17) was considered as the modulus of the
polymer coating.

4.5.2 Relative Modulus of Coating

As the variation of the modulus of the coating with changing temperature and loading
rate can not be measured directly using the U M I S 2000, the pull-off method was used
to indicate the relative ease of deformation of the coating. T o eliminate the extrinsic
effects of deformation of the adhesive a similar procedure to that for measureming the
fracture energy described in 4.3.2 using systems I and II was used. A L and E' of the
coating can be determined by the principle as shown in Fig 4-18.

Thus, the relative modulus (E') can be calculated from

E' = APL/ALS (4-12)

where AP: load of test
AL: extension of primer calculated from crosshead displacement
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L: original thickness of primer layer
S: the cross sectional area of test bar

a: AP-AL curve of system II
b: AP-AL curve of system I
c: AP-AL curve of epoxy coating

T3
03

O

Extension ( m m )

The principle diagram for measuring extension

and modulus E' of epoxy coating
Fig 4-18

4.6 Measurement of Internal Stress

Internal stress is known to occur in m a n y coatings and adhesives and was considered

important in the present study [81-82]. For measuring the internal stress in bulk e

resins many test methods such as photoelastic [148-151], strain-gauge [78][151-153]

energy balance analysis [154-155], bimetallic [1156-158] and other methods [159-161
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have been attempted. Due to the fact that a bilayer consisting of the epixy coating and
the alloy layer could easily be prepared ( by dissolving the steelsubstrate ) the
bimetallic method was chosen. The internal stress developed can cause deflection of the

substrate if it is sufficiently thin. If the elastic limits are not exceeded, the amount
curvature of the substrate is a measure for the internal stress in the resin.

If the Young's modulus of the paint film can be neglected in comparison with the
modulus of the metallic substrate strip, the average internal stress may be calculated
[159] according to the formula:

s = (dEt3 ) / ( 3cL2 )(t+c)(l-v) (4-13 )

where s = internal stress
d = deflected position of the tip of the strip in the coated and uncoated

conditions

E = Young's modulus of the metallic strip
t = the thickness of the metallic strip
L = the length of the strip (cantilever length)

c = the thickness of the paint film
v = the poissan's ration of the metallic substrate

According to equation (4-13) the internal stress is proportional to the degree of
deflection. In this experiment, the internal stress between coating and substrate was
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measured by the bimetallic method. For this system the coating must be applied to a

very thin substrate so that the deflection of the substrate ( due to the internal stres
within the coating ) can be measured. The thin substrate was prepared in the following
way:

1) Coating applied to large panel of alloy coated steel in the normal manner.

2) A smaller strip (Fig 4-19 ) was cut from the coated panel.

3) The lower alloy layer and most of the steel was removed by mechanical abrasion.
4) The remaining steel was dissolved in nitric acid to leave the zinc/aluminum alloy
and primer composite layer.
5) The sample was thoroughly dried ( 60°C / 48hr) and the deflection was measured

(Fig 4-20).

if

-i

35 mm

Coating
Zxd Al alloy layer

.Steel

A strip of coating/substrate was cut off from the coated sheet to the dimensions shown

Fig 4-19
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Sample fixture

The deflected coating/alloy strip was held at one
end for measuring the degree of deflection.

Fig 4-20

Three strips were measured for each set of conditions.

It was considered important to prepare the sample in this way, rather than coating

directly onto an aluminum foil, for example. The internal stress developed is likely to
depend upon the thermal expansion of the substrate, the degree of adhesion between the

coating and substrate and the properties of the adhesion. Thus, the true internal stres
can only be measured on the systems of interest.

Thus, the degree of internal stress can be determined by the value of deflection ( d ), as
shown in Fig 4-20.

The internal strain also can be used for describing the value of the internal stress. Using

86
an energy balance analysis, Croll [75] has developed a theory which has been shown to

successfully predict the effect of internal stress (which is related to the internal strai
energy) on the adhesion strength values of coating systems. The adhesion strengths
were obtained from peel and pull-off tests. Higher internal strain energy will result in a

higher internal stress and, as a result, lower adhesion strength. This theory requires the
determination of the recoverable strain energy stored in the coating from the stress strain curve of the coating as shown in Fig 4-21, which is represented by equation 4-14.
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Where U r is internal strain energy and U r = 2 U because there is no restraint on the
vertical dimension of the surface of coated sheet and the original coating film is
affected by biaxial force.

From the equation ( 4-14 ) it is shown that the internal strain energy increases with
increasing internal stress.

The internal strain was calculated in this test by the following procedure. The Zn/Al
layer was dissolved by Keller's agent to produce a wet free film of coating. This wet
free film was oven dried at 60 °C for 48 hours to give the dry free film.

The shrinkage caused by the monoaxial internal strain was calculated by the difference
in length of the original coating film ( 35mm ) and the dry free film by the following
equation:

Ei = [( Lc - Lf) / Lc] x 100 % ( 4-15 )

where, Lc is the length of original coating film.

Lf is the length of dry free film

Higher values of ei means higher internal stress exists within the coating.
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4.7 Viscoelastic Flow in Coating

External stresses will result in viscoelastic flow in polymers. The degree of viscoelas
flow not only depends on the stress value but also depends on the temperature and time.
T o study the effect of temperature on the degree of viscoelastic flow within the coating
during the pull-off test, a stress relaxation method was applied. Test systems I (test bar
adhered to the surface of the epoxy coating as shown in Fig 4-6 ) and II ( test bar
adhered to the surface of unpainted alloy as shown in Fig 4-7 ) were used for the study.

Systems I and II were loaded to 50 N at the same temperature and the extensions were
held constant. The load decreased with time due to viscoelastic flow occurring within
adhesive and coating. Subtraction of the load from system I and system II gave the
amount of stress relaxation occurring within the coating, and eliminated the
deformation of the adhesive and substrate ( Fig 4-22 a ). The relaxed load ( A P ) could
then be plotted against time ( Fig 4-22 b ) to show the degree of viscoelastic flow of
the primer occurring at the test temperature.

If this test is repeated at different test temperatures, e.g. from Tl to T4, a family o
time curves can be obtained as shown in Fig 4-23. The difference between each curve
shows the effect of temperature and loading time on the degree of viscoelastic flow.
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A P : relaxed load of epoxy coating
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a) The schematic diagram for measuring relaxed load, b) The decreased load with time

for systems I and II were recorded and the differences in relaxed load between sy

I and II shows the relationship between relaxed load of the coating and relaxatio

Fig 4-22
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The effects of time and temperature on the load relaxation
Fig 4-23
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4.8 Glass Transition Temperature of Coating

The glass transition temperature is very important property which affects the properties
of the polymer, including adhesion. In this study the Tg was measured by a Mettler
TMA 40 thermo-mechanical analyzer.

A small piece of sample was cut off from a coated sheet, and placed on an inconel tray
which was then positioned concentrically under the measuring probe, as shown in Fig
4-24. Then the measuring probe was brought into contact with the sample. The probe
force was set at 0.1 N, and the heating rate was 10 °C/min. As the temperature
increased the probe indented the polymer coating as the coating softens at the Tg. A
result similar to that shown in Fig 4-25 was obtained.

Measuring probe

Coating
Substrate
Inconel tray (to protect
support against drops
of metal)

Sample support

A small piece of sample was cut off from a coated sheet, put on
the top of inconel tray and placed concentrically under the
measuring probe for measuring the glass transition temperature
Fig 4-24
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Temperature
Tf: extrapolated onset temperature Te: extrapolated end temperature
Tm: midpoint temperature Tg: glass transition temperature
Principle diagram of measuring glass transition temperature
Fig 4-25

4.9 Scanning Electron Microscope of Coating Interface and Metallic Surface

There are m a n y factors that control the degree of intimate contact at the polymer-metal
interface and hence the adhesive strength possible between coating and substrate. Some
factors controlling joint strength between coating and substrate are:

1) the macro surface roughness of the surface of substrate;

2) the micro structure of the surface of substrate;

3) the wetting properties of the adhesive and substrate.

Considering these factors, it is necessary and important to study the morphology of the
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interface between the coating and the substrate. Examination of the chemical and
physical nature of the epoxy / substrate interface can provide valuable information
concerning the adhesion mechanisms.

As the coating and substrate are joined, the direct study of the structure of the int
is limited. Even after separation by mechanical methods, the original morphology of
the surfaces may have been altered. So a method is required in which the primer and
substrate may be separated without damaging the morphology of the interface.

The method for exposing the original interface of coating (MEOI) is as follows:

1) prepare sample ( see Fig 4-26)

Solid epoxy resin glue

Sample for revealing original interface of coating by etching

Fig 4-26

2) apply a room-temperature curing epoxy to the coating surface
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2) apply a room-temperature curing epoxy to the coating surface
3) grind off bottom alloy and steel layers

4) dissolve remaining steel with aqueous HNO3

5) dissolve top alloy layer with Keller etching agent ( The composition of Keller's
agent is:
HF : HC1: HNO3 : H20 = 1.0 : 1.5 : 2.5 : 95
6) deposit gold or carbon on the interface of coating for SEM analysis

Close examination of the epoxy coating showed that the etching procedure had no
effect on the coating.

The surface morphology of the uncoated substrate, original coating interface and
fracture interfacial morphology of the coating were analyzed by a Stereoscan 440
scanning electron microscope. By comparing these morphologies information such as
wettability and fracture behavior can be obtained.

It was also possible to obtain some information regarding the chemical nature of the
interface using energy dispersive spectroscopy (EDS) analysis in the SEM
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4.10 Factorial Experimental and Variation Analysis

In this experiment, the effects of primer composition and thickness of coating were also
studied. This study involved three factors which are denoted as T, P:B and R:H for

coating thickness, pigment to binder ratio and resin to hardener ratio respectively, eac
at three levels. To study the effect of factors at different levels on the adhesion and

investigate all the possible combinations of the levels of the factors, a factorial desig
was used.

According to the theory of factorial experiments, the analysis of variance for the threefactor fixed effects model is listed in Table 4-1.

The p-value corresponding to each interaction of the factors can be used to indicate

whether the contributions from that interaction on the adhesion is significant or not. F
example, if the p-value of interaction TP:BR:H is less 0.05, it can be accepted that the
interaction TP:BR:H or the factor TP:BR:H will make a significant contribution to the
adhesion.

Table 4-1 The analysis of variance table for the three-factor fixed effects model

Source of Sum of Degrees of Mean square Fo p-value
variation squares (SS) freedom (d.f.) (MS)

T SST (a-l)=2 MST MST/MSE pT
P:B SSR (b-l)=2 MSR MSR/MSE PR

R:H SSH (C-1)=2 MSH MSH/MSE pH

TP:B SSTR (a-l)(b-l)=4 MSTR MSTR/MSE

PTR

TR:H SSTH (a-l)(c-l)=4 MSTH MSTH/MSE pTH
P:BR:H SSRH (b-l)(c-l)=4 MSRH MSRH/MSE pRH
TP:BR:H SSTRH (a-l)(b-l)(c- MS^H MSTRH/MSE PTHH
1)=8
Error SSE d.f.totai - A MSE
Total SSxotal d.f.totai =B-1

here

M S =SS/d.f.

a = b= c = 3
A = Sum of degrees of freedom of all sources of variation
B = number of total experiments, i.e. the number of observed results.
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Chapter 5. T H E EFFECT OF VISCOELASTIC D E F O R M A T I O N O N
COATING ADHESION

5.1 Introduction

This investigation is concerned with the effect of viscoelasctic deformation occurring
within the coating on the adhesive strength. Specifically, the loading rate and test
temperature have been varied to assess the effect on adhesion.

Khalil [163] used an epoxy resin adhesive and two adhered materials, aluminium and
brass, to study the effect of loading rate on fracture toughness of bonded joints. The

study showed that maximum load decreased as the loading rate increased (Fig 5-1). If t
phenomenon also occurs in epoxy-coated systems then it may be concluded that plastic
deformation has a significant effect on adhesion.

03

6
3

E
X

100

Loading speed ( m m / min)
Effect of loading rate on the maximum fracture load [163]
Fig 5-1
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The testing temperature is also known to effect the mechanical properties of materials,

with an increase in temperature resulting in a greater molecular mobility in pol

therefore, a lower yield stress. Previous work has shown that the structural adhe
affected by temperature[144-145]. Gent [145] argued that the strength of a joint

with elastomeric adhesives increases as the temperature is decreased. Kenig [144
showed that the adhesion strength increases at low temperature and decreased at
temperature. It is not known, however, what is the mechanism of this behavior and
whether this behavior occurs in coatings.

The variation in adhesive strength with test conditions also poses problems for
evaluation of the coating adhesion. For example, two coated samples may show the

behavior given in Fig 5-2. At loading rate V], the adhesion strength of sample I

than that of sample II, while at loading rate V3, the opposite is observed. This

different loading rates different conclusions will be drawn concerning the adhes
strength of the samples.

(73

sample II

—

sample I

Vl V 2

V3

loading rate
Possible variations in adhesion strength as a function of loading rate

Fig 5-2
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From a practical viewpoint the effects of loading rate and temperature are also important.
Many coated sheet steels are roll-formed after coating and the adhesion must be strong
enough to survive this process. The coated products can also be used in cold

environments (e.g. some refrigerator units are employed at -30°C) or hot climates (e.g.

roofing applications up to 80°C) and the adhesion must be satisfactory at both extremes.

5.2 Fracture Mechanics Theory

To fully assess the effects of test conditions on adhesion, the theory of fracture mecha
has been used to measure the fracture energy. The fracture energy required to propagate

the crack mainly results from the energy absorbed at the crack tip [164]. Also, the fract
energy is usually dominated by local plastic deformation, stress concentration and
relaxation[165-167]. Thus, measurement of GTC provides information regarding the
effect of viscoelastic deformation on the coating adhesion.

According to the theory of fracture[168], the critical stress intensity factor ( Kc) is
to the applied stress at failure (ac) and critical crack length ( &c) by:

Kc = Yoc(7tac)^ (5-1)

where Y is a constant.

Equation ( 5-1) shows K is proportional to a

In many materials, failure occurs when pre-existing cracks are opened to a certain

displacement (Fig 5-3). This is known as the critical crack opening displacement (8 = 8
and is a material parameter.
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Crack extension occurs when the applied load causes the
crack opening displacement ( 8 ) to reach a critical value ( 8 C )
Fig 5-3

Kc and 8c are related as given in equation ( 5-2 ):

Kc2= 8CE2 ( 5-2)

and the fracture energy GQ is shown as:

G c = 8ceYE

where:

(5-3)

E: Young's modulus
G Y: yield strain

The adhesive strength ( o c ) is related to both the energy involved in the fracture process
and the modulus of the material. It is assumed that fracture occurs w h e n the crack
achieves the critical crack opening displacement (8 C ). This can only occur when the body
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as a whole is strained to a critical level. Thus, the modulus comes into play: e.g. a lower
modulus means that a lower stress is required for the critical strain to be achieved.

The fracture energy ( Gic ) is sensitive to the amount of energy that is absorbed throu

plastic deformation of the material at the crack tip. The energy absorbed is determined
the size of the plastic zone [169], and the ease of deformation of material within that
An increase in size of the plastic zone ( as indicated by an increase in 8C) means that

amount of material being plastically deformed has increased and so, more energy is bein

absorbed. The " ease " at which the deformation occurs also affects the amount of energ
absorption. The ease of deformation is related to the modulus of the material, with a
lower modulus showing higher deformability. This results in less energy absorption for
given plastic strain.

5.3 Experimental
5.3.1 Tensile Test for Studying the Effect of Strain Rate on the Adhesion

The commercial chromated epoxy resin was coated on the pretreated alloy-coated sheet
steel substrate. The curing procedure for the samples is given in Table 5-1*- A
cyanoacrylate adhesive was used to adhere the test bar to the sample surface. As
described in Chapter 4, the fracture energy was determined by subtracting the load-

extension curve for an uncoated sample from that obtained from a coated sample. Loading
rates were varied from 0.01 mm/min to 60 mm/min.

* Samples were uncoated given a single or double baking cycle to investigate the effect
coating cure on the strain rate dependency.
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Table 5-1

Curing procedure for the samples

sample curing procedure

Single Bake

230°C baking for 15 minutes and then water quench

Double Bake 230°C baking for 15 minutes, water quench and then repeat this
procedure again

5.3.2 Tensile Test for Studying the Effect of Temperature on the
Adhesion

Single baked samples prepared as described in Section 6.3.1 were tested within an
environmental chamber installed within the INSTRON 4302. Loading rate was 0.1

mm/min. The test temperatures were varied from -30 to 120 °C. The adhesive strength,

fracture energy absorbed by coating, relative modulus and the stress relaxation meth
were measured by the test methods described in Section 4.3.2.

5.4 Results and Discussion
5.4.1 Effects of Strain Rate on Adhesion
5.4.1.1 Adhesive Strength and Fracture Energy at Different Strain Rates

Fig 5-4 shows the effect of loading rate on the adhesive strength ( P). Fig 5-5 sho

effect of loading rate on the fracture energy ( GrC) absorbed by coating. The result

that the adhesive strength and fracture energy decrease as the loading rate increase

the adhesive strength and fracture energy of the double baked sample is higher than

of the single baked sample. As described in Section 5.4.1.2 in all but for doublebak

coating at low loading rates test 100% of the coating was removed from the substrate
during the test.
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Fig 5-6 shows the effect of loading rate on the relative modulus, E*. It is shown that the
modulus increases slightly with increasing loading rate.
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Assuming Y (7iac)1/2 = A is constant, thus equation 5-1 can be shown as

A = Kc/o-c

According to equations 5-2 and 5-3,

A = Gcl/2El/2/acGYl/2

(5_4)

here eY is 0.001 [169].

From test results at loading rate O.Olmm/min shown in the Figs 5-4 to 5-6, A calcul
by equation 5-4 is 14.035xl03(m)-1/2. Thus

G c = Kc/14.035xl03

(5-5)
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Hence, according to the test results shown in the Figs 5-5 and 5-6, the effect of loading
rate on the m a x i m u m load can be calaulated by equations 5-2, 5-3 and 5-5 and shown in
Fig 5-7. Comparing the calculated data with that from the experiment it is clear that both
data are in close agreement.

320

100
Loading rate (mm/min)
The test and calculated results show that the
loading rate affects the m a x i m u m load
Fig 5-7

Fig 5-8 shows the load relaxation ( A P ) for the Single Baked Sample which is indicative
of viscoelastic creep deformation in the coating / substrate system. The degree of
viscoelastic flow and creep deformation is related to the applied load and the relaxed time.
Comparing curve A , B and C, it is apparent that the degree of viscoelastic flow and creep
deformation increases as the applied load increases. Also, viscoelastic flow and creep
deformation increase with loading time.
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indicate at which time the crosshead was stopped
Fig 5-8

mounting

topcoating
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\

S E M of cross section of single
baked sample
Fig 5-9

x 4400

S E M of cross section of double
baked sample

x 4400
Fig 5-10
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SEM examination of the cross section of the coating / substrate interface ( Figs 5-9 and
5-10) show there are some micro-holes existing within the coating and at the interface
between the coating and substrate. These micro-holes are likely to nucleate cracks. The

quantity and the size of the micro-holes depend on the wettability and the morphology of
substrate surface and processes occurring during the cure of the coating. In a uniform

stress field, the stress will concentrate at the tips of those micro-cracks and result i
deformation zones at the tips of the microcracks as shown in Fig 5-11.

P

P

P

P

P

P

P

P

P

Plastic deformation zones forming at the tips of the micro-cracks
Fig 5-11

To explain the observed behavior, it is assumed that fracture occurs when the critical
crack opening displacement is reached. The experimental results show that E* increases

slightly as the loading rate increases. Since IQ2 <* 8CE2 (equation 5-2 ) then the modulu

increase should result in an increase in IQ. However, the increasing in deformation rate

will decrease the amount of viscoelastic flow since less time is available for molecular
motion and, therefore, decrease 8C. The decrease in 8C overshadows the increase in E,

and causes an overall decrease in IQ. Since the adhesive strength (oc) is proportional t
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Kc (equation 5-1), then the decrease in plastic deformation (i.e. 8 C ) causes a decrease in
adhesive strength.

Given the fracture criterion, 8 = 8C, it is also known that Gic = 8C e YE ( equation 5-3
For many polymers eY is constant [170]. The fracture energy ( GiC ) decreases with

increasing loading rate due to the decrease in plastic deformation (i.e. decrease in 8

The decrease in Gic is more substantial than the decrease in Kc (i.e. P), since Kc <*8c
whereas Gc «* 8c- The results given in Figs 5-4 and 5-5 are in agreement with these
relationships.

5.4.1.2 Mode of Failure at Different Strain Rates

In virtually all cases, 100% of the coating was removed from the substrate during the

tensile test. Only at low loading rates ( < 0.1 mm / min ) for the double baked coating
failure occur cohesively within the coating (Fig 5-12 ).
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These results indicate that the stress becomes more concentrated at the metal-polymer
interface during high speed testing for the double baked coating, which promotes
interfacial failure. Under these conditions 100% of the primer was 100% removed from

the substrate. Since adhesive strength increases as the loading rate decreases (Fig 5-

at low loading rates the adhesion strength may exceed the cohesive strength of the coa
and cohesive failure of the coating occurs.

5.4.2 Effects of Temperature on Adhesion
5.4.2.1 Adhesion Strength and Fracture Energy

Fig 5-13 shows the effect of testing temperature on the adhesion strength. The adhesio
strength passes through a maximum as the temperature increases from -30°C to 120 °C.
The temperature at which the maximum load occurs is approximately 30 °C. Fig 5-14

shows the effect of temperature on the fracture energy absorbed by epoxy coating. In t

case the energy increases to-a maximum value as the temperature increases, but above 3

°C the fracture energy is approximately constant. Fig 5-15 shows the effect of tempera

on the relative modulus E* of the epoxy coating. 00The relative modulus is approximatel
constant from -30°C to 30 °C. However, from 30 °C to 120 °C, E* decreases steadily
with a temperature increase.

By the same method discussed in Section 5.4.1.1, constant A can be calculated by the t

results at temperature 120°C shown in the Figs 5-13 to 5-15. The calculation result sh
that A is 14xl03(m)-1/2. Thus

0<>

(Note that E* is much lower than expected due to the difficulty in accurately measuring strain in the

polymer coating.)
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a c = Kc/14xl03

(5-6)

Hence, according to the test results shown in the Figs 5-14 and 5-15, the effect of
temperature on the maximum load can be calaulated by equations 5-2, 5-3 and 5-6 and

shown in Fig 5-16. Comparing the calculated data with that from the experiment it is
that both data are in close agreement.
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The variation of relaxed stress ( AP ) with temperature is shown in Fig 5-17. It is shown
that the amount of relaxed stress increases at higher temperatures. This means that plastic
deformation becomes easier at higher temperatures. S E M micrographs (Figs5-18 to 5-23)
show evidence of plastic deformation at the crack nucleation site at different temperatures.
Comparing these morphologies, it is clear that more plastic deformation occurs as the
temperature increases. This means that the critical crack opening displacement ( 8 C )
increases with increasing temperature.

The temperature effect on the adhesion energy for the epoxy / substrate system may be
explained by considering the effect of temperature on 8 C and E, since (from equation 5-3):

G c o= 8 C E

3

4

Time (min)
Variation of load relaxation with relaxed time at various temperatures
Fig 5-17

S E M micrograph showing morphology of crack
nucleation under the tensile condition at -30 °C
x246 Fig 5-18

S E M micrograph showing morphology of crack
nucleation under the tensile condition at 30 °C
x296 Fig 5-19

-«**.'.> '

S E M micrograph showing morphology of plastic deformation
surround the crack nucleation under the tensile condition at 30 °C
x246 Fig 5-20

S E M micrograph showing morphology of crack nucleation
and plastic deformation under tensile condition at 60 °C
x246 Fig 5-21

S E M micrograph showing morphology of plastic
deformation under tensile condition at 60 °C
x448 Fig 5-22
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S E M micrograph showing morphology of plastic deformation which
occur at the tip of crack nucleation under tensile condition at 60°C
xl522

Fig 5-23

Up to 30 °C the modulus of the coating is approximately constant, but the amount of
plastic deformation occurring increases. This leads to an increase in Gic since 8 C
increases. Above 30°C the amount of plastic deformation continues to increase, but the
material becomes more easily deformed due to the decrease in modulus. Thus, the
fracture energy remains approximately constant, as the increase in 8 C is offset by the
decrease in E.

The variation in adhesive strength (o"c) can be described in similar terms.

By combining equation ( 5-1 ) and ( 5-2 ) it can be seen that ac «= 8C1/2 E, assuming th
e Y is constant. For the epoxy coating / substrate system the critical crack opening
displacement ( 8 C ) increases with temperature as indicated by the increasing degree of
plastic deformation. Since the modulus is approximately constant from -30°C to 30°C the
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adhesion a c will initially increase with temperature. After 30°C 8 C continues to increase
but, at the same time, the modulus decreases rapidly. A s the effect of decreasing modulus
on the adhesion overwhelms that of 8C, the adhesion stress decreases.

It is apparent that changing the test temperature effects both the amount of plastic
deformation occurring, and the ease at which it occurs. Both factors influence the
observed adhesion strength and fracture energy. At -30°C the molecules are "frozen" ,
and very little deformation takes place under the loading conditions. Fig 5-18 shows that
the point of crack nucleation in the sample tested at -30°C is smooth with little evidence of
plastic deformation. This means high stress concentration occurs at the tips of microcracks and the critical crack opening displacement ( 5 C ) is small. Consequently the
adhesion strength is very low and the fracture energy is low as very little plastic
deformation occurs.

As the temperature increases from -30°C up to 30°C a small amount of visco elastic
deformation occurs primarily by bond stretching and by opening of bond angle [24] and
segmental molecular motion. So a part of the stress concentration is relaxed by
deformation. Figs 5-19 to 5-20 shows that some viscoelastic flow occurs at the crack tip
at a test temperature of 30°C. Thus, the fracture energy is increased and this also results in
an increase in adhesion strength.

Above 30°C the extent of viscoelastic flow continues to increase as the temperature
increases. The plastic deformation zone increases in size as shown in Figs 5-21 to 5-23.
Although there is an increased amount of plastic deformation occurring, the amount of
energy absorbed remains approximately constant, as the decrease in modulus means that
the deformation occurs more easily. Thus, the fracture energy is nearly constant for
temperatures above 30 °C. Also, as the modulus decreases, the stress required to produce
the critical strain in the material decreases. Thus, the adhesive strength decreases with
temperature increases above 30 °C.
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5.4.2.2 M o d e of Failure at Different Temperatures

The test results show that there are three modes of failure occurring: cohesive failure o
the coating, or adhesive failure either between the coating and substrate or between the
test bar and coating. The percentages of areas of coating which were removed either

adhesively or cohesively as a function of test temperature are shown in Fig 5-24. For tes
temperatures above 60°C, cohesive failure of the coating becomes more prevalent.
Cohesive failure occurs when the adhesive strength exceeds the cohesive strength of the
coating. The fact that the amount of cohesive failure increases as the adhesive strength

decreases (i.e. for temperatures in excess of 60°C), indicates that the cohesive strength
decreases rapidly with increasing temperature. Fig 5-25 and 5-26 show that the cohesive
failure occurs with a considerable amount of plastic deformation and microcracking. The
increased degree of rnicrocracking may explain the decrease in cohesive strength. The
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S E M micrograph showing cohesion fracture accompanied by a large amount
of plastic deformation and micro cracking under tensile condition at 90 °C
xl848 Fig 5-25

S E M micrograph showing the cohesive fracture
accompanied by a large degree of micro-cracking.
x 2640 Fig 5-26
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reason for this behavior m a y be related to differences in the size and shape of the plastic
zone at a crack tip in the centre of the coating compared with that occurring at the
interface, and the effect of test conditions on the plastic zone sizes.

5.5 Summary

The investigation of the effect of testing conditions ( strain rate and temperature ) o
adhesive strength and fracture energy has shown:

( 1) The maximum load ( P), and fracture energy ( GTC ) are affected by the loading rate
and test temperature. These can be explained by changes in the degree of viscoelastic
deformation occurring and the elastic modulus.

( 2 ) Fracture mechanics can successfully explain the effects of temperature and loading
rate on coating adhesion. Assuming the failure occurs w h e n a critical crack opening
displacement (8 C ) value is reached, then any condition that promotes more plastic
deformation or increases the elastic modulus will increase the adhesion. Thus, increasing
loading rate causes a decrease in adhesion since 8 C is decreased significantly and offsets
the slight increase in E. Similarly, an increasing test temperature initially increases
adhesion due to the increase in 8C. However, above Tg, E decreases rapidly causing a
decrease in adhesion strength.

( 3 ) The epoxy primer studied shows a high degree of microcracking which is likely to
reduce adhesion.

(4) The fracture mode is sensitive to the test conditions with cohesive failure more li
to occur at high temperatures and slow loading rates. The reason for this behavior m a y be
related to differences in the size and shape of the plastic zone at a crack tip in the centre of
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the coating compared with that occurring at the interface, and the effect of test conditi
on the plastic zone sizes.

(5 ) Optimal adhesion will be achieved by balancing the conflicting requirements of high
toughness and elastic modulus.
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Chapter 6. THE EFFECT OF CURING TECHNIQUES ON COATING
ADHESION

6.1 Introduction

Many factors are known to affect coating adhesion such as paint composition, surface
morphology, pretreatment of substrate and others [171]. However the effect of coating
curing techniques on adhesion has seldom been discussed. In the production of
prepainted steel, the variables of peak cure temperature, curing time and cooling rate

all affect the structure of polymeric coating due to the chemical and physical changes
occurring during curing and cooling. The different structures will produce different
properties such as modulus, hardness, glass transition temperature [172] and these
changes are likely to substantially alter the adhesion [173]. This investigation is
concerned with the effects of curing conditions on the adhesion of epoxy coatings on
alloy-coated steel.

The typical curing technique involves coating a metal sheet with an epoxy primer and

heating from room temperature to the peak curing temperature. At this point the sample
immediately quenched in water. The set temperature of the curing oven is generally

higher than the peak curing temperature. The curing time consists of the heating perio
from room temperature to the peak cure temperature, as shown in Fig 6-1.
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Set temp.
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curing time
«

>•

time

•

Typical curing curve for epoxy coating on sheet steel
Fig 6-1

In production, the power of the furnaces can vary as can the speed of travel of the s
through the surface.. The heating rate of the sheet is affected by the power of the furnace,
the set temperature and the line speed. A higher power and set temperature or lower line
speed will produce a higher heating rate. Thus, for the same peak curing temperature the
heating rate and curing time m a y be different.

For thermosetting polymers, such as epoxy resins, the cross-link density is related to
curing time and temperature [174]. In fact, the variation of degree of conversion with
time depends on the temperature of curing in a m u c h more complicated fashion,
schematically represented by the diagram in Fig 6-2 [175].
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Reaction time
Tcure: curing temperature
T g ^ : glass transition temperature of the ideally and fully
crosslinked polymer
Tg(gel): glass transition temperature of the prepolymer

Increase in crosslink density with curing time
Fig 6-2

As the adhesion can be related to the crosslink density [176-177], different curing time
and temperature m a y result in different adhesion strength between the coating and
substrate. Also, the wettability of the coating is related to the curing time and temperature,
since a very short cure time m a y limit wetting. Thus it is necessary to study the
relationship between adhesion and curing time and temperature in order to provide a basis
for designing an optimum curing technique, and to further our understanding of the
relationships between polymer structure and adhesion.

In production it is c o m m o n to use multi-layer coatings with a topcoat coated over the
primer. The curing cycle for the topcoat represents the second baking cycle for the
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primer. Thus, the primer is subjected to a longer curing time compared with the top coat.

It is also necessary to study whether this "double bake" affects the adhesion of primer to
the substrate.

It is also known that the adhesion is reduced by internal stress existing between the

coating and substrate [76][81][178]. The internal stresses are created in polymer coating
by the shrinkage of the polymer due to chemical reaction [179] and physical processes
[84-85][178]. For example, internal stresses can develop upon post cure cooling due to
the differences in thermal expansion coefficients between the coating and substrate

[76] [86-87]. These stresses develop because the interfacial area of the coating is forced

remain at its original size by the adhesion force between the polymer coating and the rig
metal substrate.

It is considered that the excess shrinkage of the polymer coating over that of the metal
substrate is apparently converted directly to internal stress when the system is cooled

below the glass transition of the coating. On the other hand, essentially no internal str
develops at temperatures above Tg because the network segments have sufficient mobility
to quickly relax and dissipate stress [76] [100][180]. Thus, the volume changes occurring
during cooling are accommodated by changes in thickness of the coating accompanied by
viscous flow if the temperature is higher than the glass transition temperature [178].

For equilibrium cooling the above description is correct. But if the cooling rate is high,
then viscous flow and molecular re-orientations will be restricted. Thus, the internal
stress resulting from the volume change can not be fully relaxed even when the

temperature is higher than Tg. Thus, it is necessary to study whether the internal stress
developed under the specific conditions of interest.
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6.2 Chemical and Physical Changes Occurring during Paint Curing
6.2.1 Chemical Changes

As shown in Fig 6-3 chemical crosslinking occurs during the heating of epoxy coatings

such as used in this study. The extent of crosslinking is related to the glass transi

temperature ( Tg ) of the coating. Initially, the Tg is that of the liquid paint (Tg0)

full cure this increases to Tgoo. The changes in Tg with curing time for typical cure

are given in Fig 6-3. In the example shown, the coating has not reached full cure pri

cooling. The final extent of cure is then determined by the cooling rate. Slow cooling

( curve E ) allows the coating to reach almost full cure, while fast cooling ( curve A
produces an under-cured coating.

For very slow cooling ( e.g. curve E in Fig 6-3 ), the resin is kept for a longer time

higher temperature. This results in more reaction and a more highly crosslinked coati
[175]. However, as Stachurski [181] has shown that very little reaction occurs after
vitrification of the resin, which occurs when Tcure = Tg, with fast cooling ( curve A )

almost no further chemical reaction occurs since a rapid decrease in temperature quen
the reaction. So, it would be expected that the crosslink density would increase with
decreasing cooling rate for systems that are not fully cured after heating. •
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>

time
P M T : Peak Metal Temperature
RT: R o o m Temperature

Schematic curing diagram for epoxy resin
showing the path of different cooling curves
Fig 6-3

6.2.2 Physical Changes

In addition to the chemical crosslinking, various physical changes also occur during the

curing of the coating. These physical changes result in density increases during tr

and are likely to be related to the development of internal stresses within the coa
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change in density with time and temperature during heating, curing, and cooling of the
epoxy coating is illustrated schematically in Figs 6-4 and 6-5.

*VE)

P: Density
P4p: Density of dry paint
P^P : Density of vet paint
A: Fast cool
E: Slovcool

The change in density of coating with time
Fig 6-4

Fig 6-4 shows that the coating density increases with heat-up and hold time due to
removal of solvent and chemical crosslinking. During cooling the density continues to

increases due to thermal shrinkage and continued cure. As discussed above, the extent o
reaction can depend upon the cooling rate. Thus, a slow cooled sample ( Sample E) will
finish with a slightly higher density than a fast cooled sample (A) due to the extra

crosslinking occurring in the former. This situation is exaggerated by the fact that t

contraction below Tg is restricted by the rate of molecular motion. Fig 6-5 shows that
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cooling limits the density increase below Tg. So below Tg the fast cooled sample is
trapped in a non-equilibrium state of lower density.

Equilibrium (slow) cooling

Tg(s)

Tg(f)

PMT

Temperature
PMT: peak metal temperature
>.RT : room temperature
Tg(s): glass transition temperature of slow cooled sample
Tg(f): glass transition temperature of fast cooled

Schematic diagram showing the effect of cooling rate on the
density changes occurring in a fully cured polymer coating
Fig 6-5
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Temp.

Tg(A) Tg(E)

p: Coating density

pdp: Density of dry paint

p w p : Density of wet paint

R T : R o o m temperature

P M T : Peak metal temperature

E: Slow cool

A: Fast cool
The change in density of coating with temperature
Fig 6-6

Fig 6-6 shows the change in coating density with temperature during heating (temperature
increases from R T to P M T ) , holding at P M T and cooling to R T . Slow cooling above Tg
(Curve E ) results in a higher density increase than fast cooling (Curve A ) due to the extra
cure occuring. This also produces a higher T g for the slow cooled sample. Below T g the
slow cooled sample also shows a higher rate of density increase since there is sufficient
time for molecular relaxation to occur, as discussed above.

It is considered that the shrinkage resulting from the physical changes occurring during
the curing process mainly result from the solvent evaporation[84-85][182] and the
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contraction of the distance between molecules which is dependent on the thermal
expansion coefficient [183]. The later is dependent on the extent of crosslinking.

Previous work [184] has examined the relationship between shrinkage and internal stre
within the coating. For example, it has been shown that for room temperature curing
coatings the contribution of solvent loss to the development of internal strain depends
upon the amount of solvent. Higher solvent contents produce higher residual stress.
Since this result was obtained for room temperature cured reactive epoxy coatings, the
findings m a y not apply to high temperature cured coatings. If a very thin coating is cured
at a high temperature the solvent is removed before curing commences, as shown in Figs
6-4 and 6-6. Under these circumstances, it m a y be assumed that the internal stress
resulting from the shrinkage caused by solvent flash is relaxed by molecular movement at
the cure temperature. In this situation the effect of solvent content on residual stress
would be negligible. However, the contribution from other sources of density increase
( as described above ) has not been previously reported, and is considered in this
Chapter.

6.3 Experimental
6.3.1 Curing T i m e and Baking Cycle

Two different epoxy-based paint primers were used for coating the substrate. The firs
(#1) was a silica-filled experimental epoxy primer, while the second (#2) was a
commercial chromated epoxy primer as described in Chapter 5. These were coated on the
surface of the substrate with a draw d o w n bar. The thickness of the dried coating layer
was 5 ^im. Peak curing temperature was 232°C which was produced with an oven set
point at the same temperature. The coated sheets were heated from room temperature to
the curing temperature, held at 232°C for different times and then quenched in water.
Samples A 1 - A 7 ( group A ) were prepared by the curing technique shown in Fig 6-7
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from resin # 1, while samples Bl-BIO ( group B ) were prepared by the curing technique
shown in Fig 6-8 from resin #2.

A7
3

8

33

13 18

48

63

Time(min)
Curing curves for samples A1-A7 ( group A ). Curing time includes the time for

increasing temperature from 20 °C to curing temperature ( 232 °C ) a
time at the curing temperature.
Fig 6-7

232
O
25
0>

20
3 A

6

8

11

15

Time(min)
Curing curves for samples Bl-BIO ( group B ).
Fig 6-8
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The curing cycles of samples of group C were used to investigate the effect of a second
baking cycle. The second bake was conducted at either 232°C or 150 °C and the hold time
varied. Also, the effect of a one week time delay between the first and second bakes was
studied. The various curing schedules for Group C samples are given in Fig 6-9.

The curing oven was an Electro Chemical Engineering Oven, the adhesion was measured
by the pull-off test with a cross-head displacement rate of 1 mm/min. The adhesives used
for tensile test was Redux.

Curing curves for group C in which the effect of a second baking cycle on
the adhesion is studied. Epoxy resin #2 was used to prepare these samples
Fig 6-9
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6.3.2 Heating Rate and Peak Curing Temperature

Resin #2 was coated on the surface of alloy substrates and aluminum substrates
separately by a draw d o w n bar and cured at different heating rate and m a x i m u m
temperatures. The dry coating layer thickness was again 5 urn. T w o groups of samples
were prepared by different

curing techniques. For group D the oven set-point

temperatures were varied from 180 °- 400 °C for a fixed heating time of one minute. The
peak curing temperatures achieved ranged from 155 - 336°C (Fig 6-10 and Table 6-1).

For group E the oven peak curing temperature was fixed, but the heating rate varied
82 to 588 °C / min (Fig 6-11 and Table 6-2 ). Cooling by tap water quench was used for
both groups D and E.

Group F samples were prepared for studying the degradation of coating during curing
and the effect of degradation on the adhesion. Those samples used a Resin #1 with
llfim thickness and cured in a tube oven either at 155 °C, 245 °C or 355 °C and then
water quenched. The curing techniques and conditions for those samples are shown in
Fig 6-12 and Table 6-3. A s shown in Table 6-3 samples Fl, F3 and F5 were cured in air
while the samples F2, F4 and F6 were cured in an argon atmosphere.
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• 400

Time (min)
Curing technique for group D
Fig 6-10
Curing technique of group D

Table 6-1
unple

Set temperature

CO

True curing
temperature

co

Dl
D2
D3
D4
D5

400
350
335
320
310

284
267
256

D6

300

245

D7

285

234

D8
D9

275
260

227
217

D10

250

210

Dll

200
180

175
155

D12

Cooling method

336
300

A

2

245
O

I

Time (min)
Curing technique of group E
Fig 6-11

Table 6-2

Curing technique of group E

Sample

Heating rate ("C/min)

Cooling method

El
E2
E3
E4

588

vater quench
vater quench
vater quench
vater quench

459
245
81.6
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Time (min)
Curing technique for group F
Fig 6-12

Curing technique for group F

Table 6-3
Set temperature

True curing
temperature

CC)

CC)

Fl

450

F2
F3
F4

450
360
360

355
355
245

vater quench
vater quench

air
argon

vater quench

245

vater quench

F5

275

155

F6

275

155

vater quench
vater quench

air
argon
air
argon

Sample

Cooling method

Atmosphere
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6.3.3 Cooling Rate

Samples were prepared as above using resin #2 except that the cooing rate was varied.
Cooling methods used were ice water quench, tap water (13°C ) quench, air ( 22°C )
cooling, furnace ( open door) cooling and furnace ( close door) cooling.

Table 6-4 shows the different samples ( group G ) and their cooling methods and
measured cooling rate.

Table 6-4

Test samples of group G and their cooling methods and cooling rate

cooling method

sample

cooling rate ( ° C / m i n )

Gl

Ice water (0 °C) cooling

6300

G2

Tap water ( 13 °C ) cooling

634

G3

Air ( 22 °C ) cooling

22

G4

Furnace ( open door) cooling

3.8

G5

Furnace (close door) cooling

0.38

Sample H was prepared by reheating sample G 4 to 232 °C and then tap water cooling

( Fig 6-13 ). This sample was prepared to test whether the effects of a slow cool ca
reversed by reheating and quenching.

Samples II and 12 ( group I) were prepared by heating to 232°C over 3 minutes, curing
at 232 °C for 40 minutes and then cooling either quickly (water quench) or slowly
( furnace ). The curing techniques for these samples are shown in Fig 6-14. These

samples were prepared to ensure that the coatings were fully cured before cooling. T
samples II and 12 should differ only in terms of internal stress and have the same
crosslink density.
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Samples Jl and J2 ( group J ) were prepared to test whether the effects of a fast cool
could be reversed by reheating followed by slow cooling (Fig 6-15 ). These two samples
were used for comparing with sample G 2 ( fast cool only).

To explain the origin of internal stress and the effect of cooling rate on the intern
another group of samples ( group K ) were produced by coating epoxy resin #2 on to
aluminum foil. The curing techniques for this group are shown in Table 6-5:

Time(min)
The treatment curve of sample H
Fig 6-13

Furnace cooling

Time (min)
The treatment curve of samples II and 12
Fig 6-14

furnace cooling

232

O

1
I

-3 min-

—3 min—
Time (min)
The treatment curves of samples Jl and J2
Fig 6-15
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Table 6-5

Test samples of group K and their curing techniques
Curing techniques

Samples

d(150'C)
Kl

Time
a_( 232"C)
furnace cool

c ( 150 "C)

K2

air cool

Time
a_( 232"C)
furnace cool

c ( 150 "C)

K3

furnace cool

Time
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Table 6-6 conveniently shows the resin used and variable investigated with samples in
Groups A-K.

Table 6-6 the resin used and variable investigated with samples in Groups A-K
Variable
Group of studiedResii

test sample
#1
Cure Atime at 232 °C
#2
Cure Btime at 232 °C
Single
bake
C and double #2
Curing
D temperature#2
Heating
E rate

#2

Curing
and curing
F temperature#1
atmosphere (air or argon)
Cooling
G rate

#2

Fast H
cool following#2slow cool
Cooling
#2 cured samples
I rate of fully
Slow J
cool following#2fast cool
CoatedK aluminum foil
#2 samples

* #1: Silica-filled experimental epoxy resin
#2: Commercial chromated epoxy resin

6.4 Test Results and Discussion
6.4.1 The Effects of Curing Time and Baking Cycle on the Adhesion
6.4.1.1 Test Results

Figs 6-16 to 6-18 show the effect of curing time on the adhesion strength, areas of

coating pulled off during tensile testing, relative modulus, fracture energy of coati
substrate system and glass transition temperature of group A samples.
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Tensile test result of group A shows the effect of curing
time on the adhesion and areas of coating pulled off
Fig 6-16

Fig 6-16 shows that the m a x i m u m load P increases and the area of coating pulled off
decreases with increasing cure time up to about 20 minutes. This means the adhesion

increases with an initial increase in curing time. After this, the adhesion decreases w

further increases in curing time since the maximum load decreases and the area of coat
pulled off increases.
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Fig 6-17 shows that the relative modulus E * and glass transition temperature increases
quickly with curing time increasing from 0 to about 20 minutes and then increases only
slightly for curing times in excess of 20 minutes.
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It is shown by Fig 6-18 that the fracture energy of the coating / substrate system increases
at first and then decreases with increasing curing time. The maximum value occurs when
curing time is about 20 minutes.
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Figs 6-19 and 6-20 show the effect of curing time on the adhesion strength, area of
coating pulled off under tensile test condition and relative modulus of group B samples.

The variation in adhesion strength shown in Fig 6-19 for the commercial chromated
epoxy resin (#2) is similar to that shown in Fig 6-16 for group A samples (experimental

silica-filled epoxy resin (#1). The peak in the adhesion strength occurs at shorter curing
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times for the Group B samples (10 m i n ) compared with the group A samples (20 min).
Also, the adhesion strength remains approximately constant for cure times in excess
minutes for the group B samples. This was not observed in the group A samples,

although extending the curing period beyond 60 minutes may have demonstrated a furt
decrease in adhesion for group B samples.
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Tensile test results of group B shows the effect of curing
time on the adhesion and areas of coating pulled off
Fig 6-19

Fig 6-20 shows that the relative modulus E * increases with the curing time for group B
samples. This is similar to group A samples, as shown in Fig 6-17.
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Fig 6-20

Fig 6-21 shows the effect of baking cycle on the adhesion strength and areas of coating
pulled off during tensile testing for samples C1-C4, which were given a second bake.

seen in the figure, a second baking cycle immediately following the first bake sligh

increases the adhesion strength. This is evident in comparing samples CI ( single bak
only ) and C2 ( double baked). Sample C3 was given an extended second bake at 232 °C

and this produced a slight increase in adhesion over sample C2, which had the standa
minutes second bake. Sample C4 was also given an extended second bake, but at only

150 °C. This sample had only a very slight increase in adhesion over the single-baked

sample ( CI ). This indicates that the temperature of the baking cycle is critical to
achieving high adhesion.
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6.4.1.2 Discussion

A. Effect of curing time on adhesion

The change in coating adhesion with varying curing time results from chemical and
physical factors.

1). Chemical factors

Paints #1 and #2 used in the test are thermosetting polymers. The chemical reaction

occurring during curing of these resins involves the crosslinking of the epoxy polym
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Since the cure temperature for the epoxy coatings is well in excess of the glass tra
of the fully cured coating (ca. 120°C), full cure will be achieved given sufficient reaction
time (as described by Fig 6-2). Thus, as the curing time increases the crosslink density
will increase. The increase in crosslink density will result in changes in the physical
properties of the epoxy coating.

Firstly, the glass transition temperature Tg will increase with increasing crosslink
[78]. Fox and Chynoweth [182] [185] studied the relationship between crosslink density
and glass transition temperature ( T g ) , which was described by the equation:

l/Tg=l/Tgo-Kp (6-1)

where Tgo is the value for the uncrosslinked polymer,
K is a material dependent constant and
p is a measure of crosslink density

The test results of Group A shown in Fig 6-17 shows that the glass transition temper
increases with increasing curing time. Beyond about 20 minutes the rate of increase in Tg
slows d o w n considerably since the number of unreacted sites is low and the mobility
(diffusion) of the maeromolecules in the polymer is limited due to the high crosslink
density [186].

Secondly, the crosslink density will affect the modulus E and hardness of the polyme
Powell [187] and other researchers [188-191] point out that the polymer is made more
rigid and harder by increasing crosslink density. The test result ( Fig 6-17 ) also shows
the relative modulus E * increases with increasing curing time up to 20 minutes.

As increasing curing time can increase the relative modulus and hardness of the coat
the curing time is likely to affect the adhesion, as the adhesion strongly depends on the
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modulus (see Chapter 5).

The critical stress and fracture energy will be affected by the Young's modulus and
critical crack opening displacement. Test results show that w h e n the curing time < 20
minutes the m a x i m u m load increases with curing time increase. 8 C would be expected to
decrease, since the extent of plastic deformation occurring at the crack tip would be
reduced as the extent of crosslinking increases. H o w e v e r the modulus E increases
quickly, and this increase in modulus appears to over-ride any decrease in 8C. Thus Kc
increases. Assuming the inherent flaw size remain constant, according to equation 5-1,
the o"c will increase as was observed by the increase in m a x i m u m load. B y the same
reason, as e y is constant, G T C will increase, as shown in 6-18.

For curing time in excess of 20 minutes, both the modulus and Tg increase only slightly
These results indicate that the degree of crosslinking changes only slightly with extended
cure. The significant decrease in G c with extended cure will either be due to a decrease in
Kc or an increase in ac. Assuming that ac does not change, then a decrease in Kc would
be caused by a decrease in 5C. This, in turn, is associated with decreasing mobility of the
maeromolecules at the crack tip, which results in less energy dissipation due to plastic
flow. This decrease in mobility, however, is not likely to be due to increases in crosslink
density, as it appears that no significant changes in crosslink density occur.

Other chemical change resulting from thermal degradation of the epoxy at long cure tim
appear to be involved, since these samples became discolored. The possibility of thermal
degradation occurring is discussed in more detail in section 6.4.2. Degradation m a y
effectively increase a c (by opening voids) or reduce 5 C (by embrittlment) and therefore
cause the observed reduction in ac and G I C . A n alternative explanation m a y be given by
embrittlement of the resin by loss of plasticising agents. Either mechanism m a y be valid.
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Figs 6-19 and 6-20 show the effect of curing time on the adhesion and relative modulus
of group B samples (chromated epoxy resin). The test results are similar with that of
group A (silica-filled epoxy). T h e difference between group A and B is the adhesive
strength of group B is nearly constant after a curing time of about 30 minutes. This
occurs despite the relative modulus increasing significantly with cure times in excess of
30 minutes. This result indicates that the increase in modulus is countered by a decrease
in 8 C and / or an increase is ac. The latter m a y be caused by thermal degradation or loss of
plasticisers.

2). Physical factors

The surface of the substrate is very rough when viewed on the microscale. Thus, time is
needed for complete wetting of the substrate surface. This process can be represented by
the following equation [192]:

t = 2rilv2 /

RTLCOSG

(6-2)

where, rj: viscosity of coating
L: length of capillary (e.g. surface pore)
R: radius of capillary
yi: surface tension of coating
0: contact angle
t: time needed for complete wetting of the substrate surface

Equation ( 6-2 ) shows that the wetting depends on time and is influenced by the
viscosity of the coating. Since the viscosity of coating increases as the curing time
increases, the penetration of the coating into surface pores slows d o w n at extended cure
times.
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If the curing time is too short the degree of wetting of the coating on the surface is

limited. However, increasing curing time can improve the wetting of coating. As a resu
both the interlocking and Van der waals forces increase. Thus, the adhesion increases.
Also, as the wetting of coating is improved the amount and the size of micro-cracks

decreases. This provides less chance for stress concentration, which occur at the tips

micro-cracks, so that the adhesion is again increased. Since the modulus of the coating

increases significantly for cure time up to 20 minutes for resin 1, the coating is con

to crosslink over this period. Thus, the coating may have sufficient mobility to incre
the wetting of the substrate. If this occurs then the adhesion would be increased. The
effect of wetting on adhesion is discussed more fully in Section 6.4.2.

B. Effect of baking cycle on adhesion

The test results of group C samples show that a second baking cycle affects the adhesio
strength. Comparing samples CI ( single bake ), C2 ( double bake for 3 minutes ) and

C3 ( double bake for 10 minutes ), it was shown that the adhesion increases with a long

cure time. The cross link density of sample CI is still relatively low due to the short

curing time. So, baking this sample again has a similar effect to prolonging the curing

time, i.e., double baking increases the cross link density compared with single baking.
Test results of samples C2 and C3 supports the mechanism discussed above in that a

higher degree of cure increases the coating modulus and therefore increases the adhesi
strength. It would be expected that multiple baking cycles would eventually lead to a
decrease in adhesion as reported above for long cure times.
The test results of samples C3 and C4 show that the effect of double bake on the

adhesion is also related with the baking temperature. This is because the conversion of

reactive sites to form cross links is not only related with the curing time but also r

to the curing temperature. For sample C3, as the baking temperature is much higher than
that of sample C4, for the same time, more crosslinks were formed. So the adhesion of
sample C3 is higher than that of sample C4.
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6.4.2 Effects of Heating Rate and Peak Curing Temperature on Adhesion
6.4.2.1 Test Results

Fig 6-22 shows the effect of peak curing temperature on the elastic modulus of the

coating (group D) measured by the UMIS 2000 instrument. It is shown that the modulus

of the coating increases as the curing temperature increases. This indicates that t
of crosslinking increases at higher cure temperatures.
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Fig 6-23 shows the effect of peak curing temperature on the glass transition temperature
of the coatings ( group D ). It is shown that the Tg increases as the peak curing

temperature increases upto about 250 °C, which is in approximate agreement with the
modulus results.
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The relationship between adhesion and peak curing temperature of group D samples is
given in Fig 6-24. The adhesion reaches a peak value when the true curing temperature

approximately 245 °C. Both above and below this temperature the adhesion falls sharply
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The failure modes were determined for all samples. The test results show that for samples
Dl, D10-D12, 100% of the coating was removed from the substrate. Samples D2, D3,
D8 and D9 showed two modes of failure occuring: cohesive failure of the coating or
adhesive failure between coating and substrate. Samples D4-D7 showed three modes of

failure occurring: cohesive failure of the coating, or adhesive failure either betwe
coating and substrate or between the test bar and coating. The percentages of areas
coating which were removed either adhesively or cohesively as a function of test

temperature are shown in Fig 6-25. Comparing Figs 6-24 and 6-25 it is shown that whe
the maximum load is highest, the least amount of coating could be removed.
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The fracture energy absorbed by the coating during pull-off test also changes with p
curing temperature. Fig 6-26 shows that the maximum value of fracture energy occurs
when the true curing temperature is 245 °C. This is in agreement with the adhesion
strength results given in Fig 6-24.

Figs 6-27 to 6-30 show the interface morphology of coatings (i.e. metal side of paint
film) of samples D12, Dl 1, D6 and Dl while Fig 6-31 gives the surface morphology of

alloy coated substrate. Comparing these it can be seen that the coating more faithful
reproduces the alloy surface when higher cure temperatures are used (i.e. samples Dl
and D6 ). Conversely, the lower cure temperature (samples Dl 1 and D12 ) appears to
produce more micro voids at the coating-metal interface. In summary, the higher cure
temperature produces improved wettability of the substrate by the coating.
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S E M micrograph (x485 ) of coating interface of sample D 1 2 (155°C cure)
Fig 6-27
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S E M micrograph ( x 485 ) of coating interface of sample Dl 1 (175°C)
Fig 6-28

S E M micrograph (x 330) of coating interface of sample D 6 (245°C cure)
Fig 6-29

S E M micrograph ( x485 ) of coating interface of sample Dl (336°C cure
Fig 6-30

S E M micrograph (x330) of alloy coated substrate surface
Fig 6-31
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Fig 6-32 shows the effect of heating rate on the adhesion of the coatings ( group E ). It is

shown that heating rate strongly affects the adhesion with higher adhesion corresponding
to lower heating rates.

Fig 6-33 shows that the relationship between the failure mode and heating rate. For slow
heating rates only a small amount of the coating could be removed, while all of the
coating was pulled off when the coatings were cured with a fast heating rate. Thus, for
the slow heating rates the adhesion value given in Fig 6-32 is an under-estimation. The
true adhesion may be estimated by the dashed line in Fig 6-32.
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Figs 6-34 to 6-39 show the different interface morphologies of samples E1-E3. For each
sample, two distinct zones are apparent: one which closely replicates the substrate
surface, and the other which is quite featureless (Figs 6-34, 6-36 and 6-38 ). The latter
would result from poor wetting by the paint on the metal. T h e occurrence of the
featureless areas is higher for the fast heating rates ( i.e. Sample E l ). Higher
magnification images ( Figs 6-35, 6-37 and 6-39 ) also show that a more faithful
replication of the substrate is achieved with a slower heating rate ( Sample E 3 ). These
results indicate that wettability is facilitated by slower heating.

S E M micrograph of coating interface of sample El
Fig 6-34
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Fig 6-35
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S E M micrograph of coating interface of sample E 2
Fig 6-37
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S E M micrograph of coating interface of sample E3
Fig 6-39
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Figs 6-40 and 6-41 show the effects of curing temperature and curing environment on th

adhesion (samples F1-F6). The adhesive strength of samples cured in air show a similar
trend as the Group D samples with a maximum adhesion occurring at an intermediate

temperature. (Note that the adhesion strengths of samples F1-F6 are lower than samples
D1-D4 since an Silica-filled epoxy resin was used in the former. ) In contrast, the
adhesive strength of samples cured in the argon atmosphere continually increases with

increasing cure temperature. At lower temperatures there is little difference between
samples cured in air and those cured in argon. However, at high cure temperatures the
argon atmosphere produces very high adhesion, while in air the adhesion decreases.

These results indicate that the decrease in adhesion at high temperature in air is du
oxidative degradation of the coating.
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The coating degradation is also indicated by the change in color that is observed at high

temperature. Fig 6-42 compares the colors of the coatings cured at 355 °C in air and

argon. Whilst the sample cured in argon remains quite clear, the sample cured in air

become quite discolored. This demonstrates a change in the molecular structure of th
epoxy coating which has resulted from the oxidation.
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Sample Fl

Sample F 2

Coating color after curing at 355°C
(Fl: air, F2: argon )
Fig 6-42

6.4.2.2 Discussion

Adhesion strength is determined by a complex interaction between various factors, s

as inherent adhesion [8][39], mechanical properties of the coating [193] and wettabi

[194]. Each of these will be discussed in relation to the results obtained in this s

A. Effect of peak curing temperature on adhesion

A s discussed in Section 6.4, micro-cracks exist at the interface between the coating and

substrate. In a uniform stress field, the stress will concentrate at the tips of th

cracks. As the stress concentrates at the tips of microcracks, it will result in pla

deformation zones forming in these regions. The degree of this plastic deformation i

related to the modulus of the cured coating. As shown in Fig 6-23, the glass transit
temperature increases quickly as the peak curing temperature increases from 155 to

°C. This means that more cross-links form as the curing temperature increases [174].
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This explains w h y the modulus of the coating increases as the peak curing temperature
increases (Fig 6-15).

The increasing modulus results in an increase the adhesive strength, as described in
Section 5.4.

Improving wettability of the coating is another reason for the increasing adhesion. F

26 to 6-28 show the interfacial morphologies of samples cured at higher temperatures. I
was observed that a higher cure temperature promoted better wetting. As a result, both

the mechanical interlocking and Van der waals forces increase. Also, the number and siz

of micro-cracks decreases [193]. All of these factors lead to higher adhesion [195-196]

It would be expected that adhesion would increase with increasing temperature, however
it was observed in this study that this is only true up to 245 °C if the coating was

air. The test results of group D shows that the adhesion decreased at higher temperat

This decrease in adhesion at high temperature may be due to chemical degradation of the

coating. This is supported by the differences observed between the samples cured in air
and those cured in argon. Oxidation of the coating was observed in air as demonstrated
by the change in colour of the epoxy and this resulted in lower adhesion. Oxidation

induces brittleness in polymers [197] and this is the likely reason for the lower adh

The degree of degradation will depend on the curing time, temperature and environment.
Longer curing time, higher curing temperature and higher oxygen content will result in
higher degree of degradation [198-199]. As samples F2 and F4 were cured in argon they

were not oxidized. Thus the adhesive strength of samples F2 and F4 was higher than that
of samples Fl and F3.
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B. Effect of heating rate on adhesion

The test results of group E show that the adhesion increases with decreasing heating ra
over the range studied (245-588 °C / min).

As with the cure temperature, the heating rate effects the adhesion due to the differe
in crosslinking, wettability and degradation. Over the range of rates studied the
degradation does not seem to be important. However a slower heating rate produces a

higher degree of cure and improved wettability. These factors lead to a higher adhesion

6.4.3 The Effects of Cooling Rate on the Internal Stress and Adhesion
6.4.3.1 Test Results

A. Origin of internal stress

Fig 6-43 indicates the amount of internal stress in the coatings by showing the degree

deflection ( d) of coating/Zn-Al strip as a function of the cooling rate ( samples G1-

It is shown that the degree of deflection increases with increasing cooling rate, refle
a higher internal stress.

Fig 6-44 shows the plot of internal strain ( ei) of samples G1-G5 produced in the coati

by different cooling rates. It is shown that the internal strain increases with increas
cooling rate. This confirms the results obtained from the bimetallic test method.
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The nature of the internal stress was investigated by controlled heating and cooling of
coated aluminum foil ( Samples K1-K3 ). After paint curing, sample Kl ( water

quenched ) showed higher deflection (internal stress) than that of samples K2 and K3

which were both oven cooled. These results are in accordance with those reported abo

for the coated steel substrate. When sample Kl was heated slowly from 50 °C to 150 °
the deflection of the sample decreased, as shown schematically in Fig 6-45. This

indicates that the stress is relaxed and, therefore, the internal stress arises from

processes rather than any chemical inhomogeneity. It was observed, however, that the
deflection did not reach zero, even when the temperature was well in excess of the

coating Tg. This residual deflection may be due to some permanent deformation of the
aluminum foil.

Samples K2 and K3 confirm that the internal stress arises from physical processes. I
each sample, minimal deflection was observed following the initial furnace cooling,
this was totally relaxed when the samples were reheated to 150 °C. Subsequent air

cooling ( sample K2) produced substantial deflection, whereas, furnace cooling ( sam
K3 ) produced no deflection.
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Temperature
Degree of deflection drop down as
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Fig 6-45
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B. Physical properties of coating

Fig 6-46 shows the effect of cooling rate on the modulus (E) measured by UMIS 2000

and glass transition temperature (Tg) as a function of cooling rate for Group G sample

Both E and Tg decrease with increasing cooling rate, although the decrease in E is onl
minor. These results show that further crosslinking occurs during the cooling of the
coating. Faster cooling limits the extent of additional cure in the coating.
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Fig 6-47 shows the plot of microhardness of samples G 1 - G 5 as a function of cooling

rate. It is shown that the microhardness decreases with increasing cooling rate. Th
results confirm the modulus and Tg data.
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Fig 6-47

C. Adhesive strength and fracture energy

The relationship between adhesion strength and cooling rate is shown in Fig 6-48. T
adhesion strength shows a general downward trend as the cooling rate increases.

The amount of coating removed during the pull-off test increased as the cooling rate

increased as shown in Fig 6-49. In water quench, all of the coating could be remove
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whereas none of the coating could be removed for the furnace cooled sample. Cohesive
failure only was apparent in furnace cooled samples. These results indicate that the
adhesion strength values given in Fig 6-48 are conservative estimates for the slow
cooling rates. Under these conditions the true adhesion m a y be similar to the dashed line
in Fig 6-48. Thus, it m a y be concluded that the coating adhesion is significantly increased
by a slow cooling rate.

Fig 6-50 shows that the fracture energy ( GJCC ) absorbed by the coating as a
cooling rate. G T C C decreases rapidly as the cooling rate increases. Again the fracture
energy for the coatings prepared by slow cooling would be under-estimates of the true
value, since the coating could not be removed.
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Fig 6-51 shows the adhesion of samples G 4 , H and G 2 . The results shows that the
adhesion of sample H ( open door furnace cool / reheat / water quench) is intermediate
between sample G 4 (open door furnace cool only) but a little higher than that of sample
G 2 ( water quench only ). This result was confirmed by both the failure load and the
amount of coating removed during the tensile test. Thus, the adhesion of the coating can
be reduced by reheating and quenching.

2300

2200-

6

I
2100 -

2000

Sample G4: 4 6 % coating was pulled off adhesively
Sample H : 7 7 % coating was pulled off adhesively
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Fig 6-51

176
Table 6-7

Test results of samples G 2 , G 4 , II, 12, Jl and J2

Sample

G2 G4 II 12 Jl J2

Degree of deflection d(mm) 12.0 2 12.5 6

Adhesive strength (N) 2069 2240 2374 2388 2296 2245

Areas of coating pulled off 100 28 48 5 5 10
adhesively (%)

Glass transition temperature 102 108
(°C)

Table 6-7 shows the comparison of samples cured for 3 minutes ( G 2 and G 4 ) with

those cured for 43 minutes (II and 12). For a given cure time, the water quenche

samples ( G2 and II ) showed a higher internal stress and lower adhesion than th

cooled samples ( G4 and 12 ). It is also observed that the longer cure time prod
slightly higher internal stress than the samples cured for a shorter time. This

to the higher Tg in the former. The longer cure time, however, produced a higher
of adhesion, which reflects the importance of the degree of cure in determining
as discussed in previous Sections.

Comparing test results of sample G2, Jl and J2, it can be seen that the adhesio

cooled sample (G2) can be increased by reheating (Jl and J2) followed by slow co
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The reheat temperature in this study did not significantly alter the adhesion since both
temperatures exceed the coating Tg which allows the internal stress to relax. Slow
cooling does not produce the same degree of internal stress.

6.4.3.2. Discussion

A. The effect of cooling rate on the origin of internal stress

The results for coated aluminum foil samples ( K1-K3 ) indicate that the internal st

arises from physical processes. These occur when the coating attains a non-equilibri
molecular structure, which results from the maeromolecules being trapped in
conformations that do not give the minimum energy. As a result, when the sample is

heated to above Tg, molecular re-arrangements occur which relieves the stress and a
the maeromolecules to adopt their minimum energy positions. The mechanisms are
discussed below.

In the case of polymer coatings on metal substrates there is contribution to the int

stress from the differences in the thermal expansion coefficients for the two mater
polymer having a much higher value than the metal. As a consequence the coating

contracts more than the metal during cooling. At the interface, however, the contrac

of the polymer is constrained by the interfacial adhesion [32-33]. Cooling rate also

this form of internal stress. As shown in Fig 6-52 equilibrium cooling (slow cooling

above Tg allows re-orientation of the maeromolecules so that the internal stress is
in time even though the coating shrinkage is very high. Below Tg molecular reorientations can not occur, even with slow cooling, so that internal stress will be
developed. But the level of this internal stress is limited since the shrinkage is
that above Tg. For fast cooling the internal stress developed above Tg will not be
completely since there is not enough time for re-orentation of the maeromolecules.
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Schematic diagram showing the development of internal stress occurring
above Tg during cooling process results from non-equilibrium cooling
(fast cooling) between coating and substrate
Fig 6-52

In summary, the internal stress arises from physical processes which cause the polyme
maeromolecules to be trapped in non-preferred conformations. This can be caused by

non-equilibrium contraction and by the. difference in thermal expansion / contraction
between the coating and substrate. Both are exacerbated by fast cooling.

B. The effect of cooling rate on the adhesion

The test results show that the adhesion is strongly affected by cooling rate. This m a y be

explained by considering the effect of cooling rate on internal stress ( or internal
energy) and the modulus of the coating.

1). Effect of cooling rate on the adhesive strength
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The effects of varying E and internal strain energy on the adhesive strength can be
explained by equation 6-3 [200]:

a = 2E (y - tc Ur)™ I tc ( 6-3 )

Where a: adhesive strength
E: modulus of the coating
y interfacial work of adhesion
Ur: recoverable strain energy
tc: thickness of coating

It may be assumed that the interfacial work of adhesion does not change with coolin
rate. It is shown by equation 6-3 that the adhesive strength decreases with increasing
internal strain energy, and by decreasing modulus.

Since the change in modulus observed in this study was only minor, the effect of co
rate on the adhesion must be attributed mainly to the internal stress. Thus, the higher
adhesive strength observed at low cooling rates ( as particularly indicated by the low
amount of coating removed during the pull-off test) is due to the low internal stress
occurring within the coating. Conversely, the low level of adhesion produced by a fast
quench is due to the high internal stress.

This conclusion is supported by the fact that the effects of cooling rate was found
reversible. W h e n the slow cooled sample was reheated and then quenched ( sample H )
the adhesion was considerably lower than the sample that was slow cooled only
(sample G4). This confirms that the adhesion is significantly affected by cooling-induced
internal stress.
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Equation 6-3 also indicates that the adhesion between coating and substrate will fail

spontaneously if the internal strain energy in the coating exceeds the interfacial w
adhesion[200-201]. This situation was not observed in the present study.

2). The effect of cooling rate on the fracture energy

As the wettability of epoxy resin is less than perfect microcracks exist at the inte
discussed in Section 5.4. Under tensile stress these microcracks will grow if enough
energy is supplied. This fracture energy (

GICF

) should be supplied by the energy sto

in the coating ( Ur) and supplied from outside of the test system:

GICF

Where,

= Ur + Gicc

(6-4)

Ur: the internal energy stored in coating from internal strain

Gicc: the energy absorbed by coating during pull-off test
GICF:

the fracture^energy needed for micro crack growth

So,

Gicc =

As

where

GICF

- Ur

G I C F = §c G Y E

(6-5)

(6-6)

6c: critical crack opening displacement

G Y: Yield strain (constant)
E: Young's modulus

Thus,

Gi C c = 8 c e Y E - U r

(6-7)
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From equation 6-7 it is clear that the energy absorbed by the coating during the pull-off

test is affected by E and Ur. Increasing the internal energy or decreasing modu
coating will result in a decrease of energy absorbed by coating during tensile

Increasing cooling rate results in increasing internal energy (Figs 6-43 and 6-

slight decrease in modulus ( Fig 6-45 ). As a result, the energy absorbed by coa
(GICC

) decreases as shown in Fig 6-50.

6.5 Summary
6.5.1 Effects of Curing Time and Baking Cycle on Adhesion

( 1 ) Curing time strongly affects the crosslink density of the epoxy primer, wh

related to the modulus, glass transition temperature and hardness of the coating

Crosslink density increases with curing time up to a maximum value. As a result,

modulus, glass transition temperature and hardness increase with increasing cur
until the material is fully cured.

( 2 ) Due to the changes in crosslink density and modulus the adhesion strength

through a maximum value. The fracture energy absorbed by coating / substrate sys
also passes through a maximum value with increasing cure time.

( 3 ) The baking cycle ( single and double bake ) strongly affects the coating

The mechanism of this is similar to that observed upon extended cure times. The
baking cycle on the original adhesion is related to the baking temperature and

time. Increased or decreased adhesion depends on the crosslink density and modul
hardness after baking.

(4) In summary increasing E and decreasing 8C will result in an adhesion increase

182
6.5.2 Effects of Heating Rate and Peak Curing Temperature on Adhesion

(1) The coating adhesion is affected by peak curing temperature and heating rate.

(2) For samples cured in an air atmosphere, the coating adhesion increases with the
curing temperature until a maximum value is attained, due to an increase in modulus

wettability of the coating. After the maximum value, the adhesion decreases with pea
curing temperature, because the coating is degraded by high temperatures.

( 3 ) For a fixed peak cure temperature, the adhesion increases with decreasing heat
rate, because a lower heating rate allows more time for crosslinking and improved
wetting of the substrate.

(4) Oxidative degradation of coating, which strongly depends on curing temperature a
environment, decreases the adhesion between coating and substrate.

(5 ) Comparing the effects of curing time and peak curing temperature on the adhesio
is shown that the effect of the temperature is more significant than that of curing

(6) Coating adhesion can be substantially increased by using higher cure temperatur
combination with an non-oxidizing atmosphere, such as argon. Alternatively,

formulations that promote better wetting of the substrate at low temperature will sh
improved adhesion.

6.5.3 Effect of Cooling Rate on the Internal Stress Adhesion

( 1 ) Cooling rate strongly affects the chemical structure and properties of the coa
Increasing cooling rate results in decreasing crosslink density, glass transition
temperature, modulus, hardness and adhesion.
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( 2 ) Chemical and physical changes occur in the coating during the cooling process.
Chemical changes result in the formation of crosslinks, while physical changes occur
from thermal contraction.

(3 ) Different cooling rates result in different degrees of internal stress (strain en
the coating. The internal stress arises from two sources: non-equilibrium cooling and

differences in thermal contraction between coating and substrate. Fast cooling exacerb
both and produces a higher degree of internal stress.

( 4 ) The adhesion between coating and substrate is affected by the cooling rate.

Increasing cooling rate results in decreasing adhesion, which is related to changes in
modulus and internal stress ( strain energy ) of the coating. The internal stress was
to dominate in the system studied in this investigation.
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Chapter 7.

EFFECTS OF COATING THICKNESS A N D COMPOSITION

ON ADHESION

7.1 Introduction

In Chapter 6 it was shown that the adhesion between the primer coating and the steel

substrate is affected by many processing factors. It has also been noted that differe
types of epoxy resins give different levels of adhesion. In this Chapter the effects
coating composition on the adhesion are further explored. In particular the effects
pigment level, hardener level and thickness of the coating on the adhesion are

examined. It is informative to establish the relationships between these variables, s
factorial experimental approach has been used in this study to investigate such
interactions.

7. 2 Experimental

Various epoxy based primers were formulated to give differing compositions.

Specifically, the pigment to binder ratio (P:B) and the resin to hardener ratio (R:H

varied systematically. In addition, the primers were applied to the pretreated substr

one of three different coating thickness (T). The experiment therefore consists of t
variables at three levels as shown in Table 7-1.

Table 7-1
Factors

Three different factors and three levels

Level 1

Level 2

Level 3

T (Thickness) Tl(3um) T2 (4.5um) T3(8um)

P:B (Pigment:Binder) P:B1 (0.65) P:B2(1.42) P:B3 (2.2)

R:H (Resin:Hardener) R:H1 (100:0) R:H2 (80:20) R:H3 (60:40)

In these studies, the binder used was Epikote 1009 (containing 44.4% solid epoxy ) and
Resimene 920 ( 60% solid urea formaldehyde ) was used as hardener. Strontium

chromate and silica ( Syloid ED-3 ) pigments were used. The silica level was kep

constant at 2% of total solids, and the strontium chromate pigment was varied to

the pigment to binder ratios quoted in Table 7-1. The thicknesses of the dry coa

were controlled by using different draw down bars. As the steel surface is quite

the standard thicknesses of the coatings obtained with each draw-down bar and ea
resin composition were measured after coating on a smooth aluminium panel.

The set temperature for the curing oven was 280°C, and this gave a peak curing

temperature of 232°C with a heating time of 48 seconds. At this point the sample
immediately water quenched. Two groups of samples were prepared. The samples of

group I were used to examine the effect of primer composition and thickness of t
coating layer on the primer-metal adhesion. This group of samples were prepared

coating the primer on alloy coated steel panels. All coating procedures were run
random order by factorial design as follows:

T3P:B1R:H2; T2P:B1R:H2; T3P:B2R:H3; T2P:B3R:H1; T3P:B2R:H2; T3P:B1R:H1;
T3P:B3R:H3; T2P:B3R:H2; T3P:B3R:H2; T1P:B2R:H3; T1P:B1R:H2; T2P:B3R:H2;
T2P:B2R:H2; T1P:B3R:H1; T1P:B3R:H3; T1P:B1R:H1; T3P:B2R:H1; T3P:B1R:H3;
T1P:B2R:H2; T2P:B1R:H3; T3P:B3R:H1; T2P:B2R:H3; T2P:B2R:H3; T1P:B1R:H3;
T2P:B2R:H1; T2P:B1R:H1; T1P:B2R:H1; T1P:B3R:H2; T2P:B2R:H1; T2P:B3R:H3

The adhesion between the coating and substrate was measured by the pull-off
method. The strain rate was 1 m m / min. The adhesive used for adhering the test bar on
coating surface was Redux.

To study the effects of composition and thickness of coating on the internal
second set of samples ( group II ) were prepared by coating epoxy based primers on
aluminum foil. The samples of this group were:

T1P:B3R:H1; T3P:B3R:H1; T1P:B3R:H3; T2P:B3R:H3;
T3P:B3R:H3; T1P:B1R:H3; T3P:B1R:H3

A smaller strip was cut from the coated Al foil. Internal stress was measure
bimetallic method which was discussed in Section 4.6.

The interface morphology of the coating was examined using scanning electron
microscope ( S E M ) on samples prepared by the same method described in Section 4.9.
The chemical composition of different phases in the coating were examined by Energy
Dispersive Spectroscopy (EDS) also discussed in Section 4.9.
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The factorial design for the experiment and the analysis of variance of the test results
were carried out by the SAS computer program.

7.3 Test Results and Discussion

7.3.1 Adhesion

Figure 7-1 shows the effects of coating thickness on the adhesion strength. In all cas
the adhesion generally trended downwards as the coating thickness increased, although
there are a number of minor exceptions. The decrease in adhesion was very significant
in many cases, with a decrease by an order of magnitude occurring with a doubling in

coating thickness in some instances. Fig 7-1 also shows that the effect of thickness o
the adhesion was very sensitive to the ratio of pigment and binder. For low levels of

pigment ( P:B=0.65 ), the adhesion increases rapidly with decreasing coating thicknes
However, in many other cases the adhesion was nearly constant when the thickness of
coating was in the range from 4.5 to 8 urn.

Fig 7-2 shows the effects of the pigment to binder ratio on the adhesion. As can be se
the adhesion generally increases as the amount of pigment used is increased over the
range examined. However, for thin coatings the adhesion initially decreases with

increasing pigment content, before increasing at higher levels. Fig 7-2 also shows tha

the amount of pigment has more effect on the adhesion when the thickness of coating is
low.

Fig 7-3 shows the effects of the resin to hardener ratio on the adhesion. In most case

the adhesion increases as the amount of hardener used increases (i.e. R:H decreases ).

However, for low levels of pigment, the adhesion actually decreased slightly with
increasing amounts of hardener.
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Fig 7-4 shows the effects of coating thickness on the internal stress at the P:B3 and
R:H3 condition. It can be seen that the internal stress increases with increasing
thickness.

Fig 7-5 shows the effects of pigment amount on the internal stress at the Tl, R:H3
condition. Comparing T1P:B1R:H3 with T1P:B3R:H3 and T3P:B3R:H3 with

T3P:B1R:H3? it can be seen that the internal stress is not significantly affected b
pigment amount, if thin coatings are used. For thicker coatings the internal stress
increases with increasing amounts of pigment.

193

B
B
C

.2
T3

a
bi)

Q

T1P:B3R:H3

T2P:B3R:H3

T3P:B3R:H3

The effect of thickness of coating on the internal stress
Fig 7-4

T3P:B1R:H3 T3P:B3R:H3

T1P:B1R:H3 T1P:B3R:H3

The effect of pigment amount on the internal stress
Fig 7-5

194

Fig 7-6 shows that the effects of hardener on the internal stress at the condition of T=l,

P:B=3 and T=3, P:B=3. The results shown that the internal stress was constant for th

coatings. As the thickness of coating increases the internal stress increases slight
when higher levels of hardener are used.
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Figs 7-7 to 7-9 show the interfacial morphologies of coatings T3P:B1R:H3,
T3P:B2R:H3 and T3P:B3R:H3. Comparing these three micrographs it can be seen that
the wettability of the coating decreases as the amount of pigment increases.

Fig 7-10 shows the interfacial morphology of coating T3P:B3R:H3, which reveals the
presence of distinct particles.
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Particles exist on the interface of coating of sample T3P:B3R:H3
(Higher magnification image of Fig 7-9.)
Fig 7-10

E D S analysis shows the composition of these particles (Fig 7-11). Fig 7-12 shows the

composition of a zone free of particles. Fig 7-13 shows the composition of the sol
epoxy resin used to mount the sample ( see Fig 4-26 ). The comparison among
compositions shown in Figs 7-11, 7-12 and 7-13 shows that a much higher level of

silica in the particles. This identifies the particles as pigment added to the res

should be pointed out that the Au in the EDS spectrum comes from gold coating coat
for electric conductivity of samples while CI, S comes from mounting materials
(Fig 7-13).
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The analysis of variation of results for adhesion tests of group I samples are listed in
Table 7-2. Analysis of the results shows the following:

The analysis of variation for adhesion test of samples group I

Table 7-2

Source

of

SS

d.f.

MS

Fo

variation

2562468.02

1281234.0

103.94

0.0017

P:B

1273504.68

636752.34

51.43

0.0048

R:H

501817.665

250908.83

20.27

0.0181

TP:B

572273.716

143068.42

11.56

0.0362

TR:H

410202.077

102551.02

8.28

0.0568

P:BR:H

213433.191

53358.298

4.31

0.13

TP:BR:H

165284.831

20660.604

1.67

0.3667

Error

37140.425

12380.142

Total

5849856.42
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1. All variables: T, P:B and R:H show a significant affect on adhesion (i.e. p < 0.05 )

2. Only the pigment to binder (P:B ) combined with the thickness shows a tw
effect (TP:B )

3. Three factor effects are not significant.

7.3.2 Discussion

Results from Chapter 5 and Chapter 6 shown that the adhesion between coating and

substrate is strongly related to hardness (modulus) of coating, internal stress tha
developed within the coating [75-80] and wettability of coating on the substrate
[97] [202]. Increasing hardness of the coating usually produces a maximum in the

adhesion. Decreasing internal stress and improving wettability will increase adhesio

Any factors which affect these properties will affect the adhesion strongly. Change
primer composition are now considered for such effects.

7.3.2.1 The Effect of Thickness on the Adhesion

The thickness of the coating is presumably related to the extent of internal stress

existing between the coating and substrate. The internal stress resulting from diffe
thermal coefficients of expansion between coating and metal occurs during cooling.

coatings with different thickness the degrees of shrinkage are different. Thicker co
produce higher shrinkage in volume and therefore, produce higher internal stress

between the coating and substrate. This leads to lower adhesion, as has been reporte
this study.
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7.3.2.2 T h e Effect of Pigment: Binder Ratio on the Adhesion

The main functions of the pigment used in the coating are as anti-corrosion additives
and to control the gloss. However, the pigment particles may also affect the adhesion,
because the pigment changes the mechanical properties of the coating.

Firstly, the pigment can act as a reinforcing agent for the coating, thereby increasing
coating modulus. Many studies have shown that the tensile Young's modulus increases
with the volume concentration of pigment [203-204]. As described in Chapter 4 an
increase in coating modulus can lead to an increase in adhesion strength.

The pigment content may also affect the rheology of the resin and therefore affect its
wettability. Turner [205] has shown that the distribution of pigment particles will
change in the resin, since they are affected by gravity and by collisions. During the
course of these movements the particles are likely to encounter other particles because
there are strong attraction forces between those particles. If this pairing up process
continues, quite large groups of pigment particles may form. A structure of flocculated
particles that may be formed is shown in Fig 7-14. A similar structure is evident from
the micrograph given in Fig 7-10.

Flocculated structures will increase the viscosity of the resin. The degree of viscosity
increase depends on the pigment percentage in the resin. With higher percentages large
structures of flocculated particles may be formed, and a higher viscosity results. A
higher resin viscosity inhibits the wetting of the substrate surface, particularly the
penetration of surface pores (refer to equation 6-2).

A structure of flocculated pigment particles
Fig 7-14

Because the size of particles is larger than that of the surface roughness of the substra
the flocculated structure can also produce larger micro-cracks between the coating and
substrate as illustrated in Fig 7-15. As discussed in Chapter 4 micro-cracks result in
lower adhesion strength.

Finally, the pigment may also affect the internal stress. As discussed by Chow [203],
there are stress fields existing between pigment particles and the resin. These stress
fields will act against internal stress relaxation. Thus, coatings having a high pigment
content will show higher internal stress. This has been observed in this study, as shown
in Fig 7-5.
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Flocculate structure produces bigger micro-cracks at the interface
Fig 7-15

It is apparent that the role of pigments in affecting the adhesion is complex. Increas

the pigment concentration will decrease wetting and increase internal stress ( both of

which decrease adhesion ), but will also increase the coating modulus ( which will mos

likely increase adhesion ). It is not surprising to see the complex relationships betw
adhesion and pigment to binder ratio given in Fig 7-2. Further studies are needed to
fully understanding the effect of pigments on coating adhesion.

7.3.2.3 T h e Effect of Resin : Hardener Ratio on the Adhesion

Another factor which affects the modulus of the coating is the crosslink density.

shows in most cases the adhesion increases as the amount of hardener used increase

This may be attributed to the increased modulus of the coating, since a higher har
content would produced a more highly crosslinked resin. Similar results have been

reported in Chapter 5 for these coating systems subjected to differing cure schedu
That is, more fully cured coatings were observed to show higher adhesion.

In some cases the increase in adhesion with increasing hardener was not profound,

in a few cases the adhesion actually decreased slightly. According to the analysis
variation results, the interactions of two factors ( TR:H and P:BR:H ) are not

significant. Thus, the anomalous results may be attributed to the secondary affect

increasing crosslink density- producing a decreasing toughness. As discussed in C
5, highly crosslinked coatings cannot relieve stress concentrations at the crack
fracture occurs more readily, leading to a lower adhesion strength. Adhesion is

maximized by optimizing the composition in terms of modulus and fracture toughness

7.4 Summary

In this experiment the effects of three factors: thickness of coating (T), ratio
to binder (P:B) and ratio of resin to hardener (R:H) on the coating adhesion were
studied. The test results and analysis give the following conclusions:
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1. All factors show a significant affect on the adhesion; only the pigment to binder ratio
combined with the thickness shows a two-factor effect on the adhesion; the effect of

three-factors on the adhesion was not significant. The mechanisms of the effect on th
adhesion mainly result from variations in the internal stress between coating and
substrate, modulus of the coating, wettability of coating on the substrate and micro
cracks forming between the coating and substrate.

2. Thicker coatings show lower adhesion due to the generation of higher internal stre

3. The adhesion generally increases as the amount of pigment used increases, because
the modulus of coating also increases. However, the pigment also decreases the
wettability of coating and forms bigger micro-cracks between coating and substrate,

which are likely to reduce adhesion. For thinner coatings these relative effects are
significant.

4. Increasing the amount of hardener can increase the adhesion because the modulus of

the coating increases. In some cases the increase in adhesion with increasing hardene
was not profound, and in a few cases the adhesion actually decreased slightly. These

anomalous results are attributed to the secondary effect of increasing crosslink den
causing increased brittleness.

5. Two samples with highest adhesion are T1P:B3R:H3 and T1P:B1R:H3. These
samples are fully crosslinked, have either the minimum or maximum pigment loading,
and are applied as a thin coating.
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Chapter 8. CONCLUSIONS

To the candidate's knowledge this thesis is the first open report on the study of t

adhesion of epoxy paint primers to zinc-aluminium alloy coated sheet steel. This st

considered important since the painting of sheet steel is a very significant indust

practice ( e.g. BHP Steel Pty. Ltd. produced 500,000 tones of prepainted sheet stee

1994). The adhesion of the paint coating to the steel substrate is critical to the l
durability and corrosion resistance of the product. In addition, many manufactured
products made from prepainted sheet steel use adhesive bonding for joining. Again,
paint adhesion is critical for successful bonding.

Unfortunately, there have been very few studies previously reported on the adhesion

epoxy paints to steel substrates. Chapter 1 and Chapter 2 describe the previous wor

from which it is clear that there has been very little (or no) published work speci
related to

1) high temperature cured solvent-based epoxy primer (as commonly used in coil coat

2) epoxy coatings on zinc-aluminium alloys ( coatings from which are now extensivel
used for corrosion resistance on sheet steel)

3) fracture mechanics analysis of coating adhesion.

This thesis aimed to study these areas and to further the general understanding of
polymer-metal adhesion.

8.1 Fracture Mechanics Study of Coating Adhesion

The application of fracture mechanics to study the mechanisms of coating adhesion
fracture has been considered in this study. It was assumed that the detachment of the
coating from the substrate is caused by the propagation of a crack at the interface.
According to fracture mechanics theory, this will occur by the growth of a preexisting flaw. S E M micrographs of the primer/metal interface of the system
investigated in this study has revealed interface microcracks due to incomplete wetting
( e.g. Fig 5-10 ). It has been further assumed in this work that such microcracks will
propagate w h e n the applied stress causes the crack opening displacement to reach the
critical level (8C). The following relationship is drawn from the assumptions:

ac=GcE/YeY(7cac)1/2

This relationship has been tested in the present study by measuring the primer
adhesion under different test conditions of temperature and strain rate. The results
showed that the adhesion is very sensitive to the test conditions and that the variation
in adhesion strength could be accurately predicted by the equation above. It can,
therefore, be concluded that fracture mechanics can adequately describe the adhesion
failure process in the epoxy primer/metal system studied.

The practical consequence of this finding is that the adhesion is largely determin
those factors that influence crack growth initiation and propagation. Even for a 5 jim
thick coating, processes such as plastic deformation are as important as interface
bonding (acid-base interactions etc.) in determining the adhesion. A s a consequence,
the practical adhesion will be affected by the operating temperature (which m a y vary
between -20°C to 80°C depending upon the application) and coating composition ( as
discussed below).

8.2 Effect of Processing Conditions on Primer Adhesion

Since epoxy primers are often heat cured when applied to sheet metal substrates, it
was seemed important to study the effects of processing conditions on the adhesion.
In particular, the effects of coating cure and cooling rate on primer adhesion were
studied and the results interpreted using the fracture mechanics approach.

It was found that the adhesion generally increased with increasing degree of cure
(given that coating oxidation did not occur) resulting from:

1) higher cure temperature
2) longer baking time
3) second baking cycle
4) slower heating rate

In all these studies it was found that increased coating cure resulted in a higher
Young's modulus. F r o m this, it was interpreted that a higher stress (i.e. measured
"adhesion" ) was required to reach the critical crack opening displacement value.
Also, it was observed that better wetting of the substrate by the coating occurred at
higher cure temperatures. This reduced the inherent flaw size and resulted in higher
adhesion strength. Finally, it was observed that adhesion can be reduced by oxidative
degradation of the coating which causes brittleness (i.e. reduction in 8 C ).

It may be concluded from these studies that the adhesion can be maximized by
optimizing the processing conditions to ensure a balance between high modulus, high
8 C and small defect size (ac). This was achieved in the present study by curing
coatings at higher than recommended cure temperatures under argon. This increased
cure (i.e. E ) and wetting (reduced ac) while preventing britteness through oxidation
(i.e. high 8 C ).

The cooling rate was also found to be a significant processing parameter in terms of
coating adhesion. It was found that faster cooling generated higher levels of internal
stress which reduced adhesion. The origin of the internal stress was found to be due
to the thermal expansion mismatch between coating and substrate. Slow cooling or
annealing of the coating was found to minimize internal stress and increase adhesion.

8.3 Effect of Coating Composition on Adhesion

Finally, the composition of the epoxy primer was systematically varied and applie
different thicknesses to determine the effects on adhesion. Since the number of
possible compositions is very large a factorial experimental approach was taken to
investigate the effects of the major variables (pigment:binder ratio and resimhardener
ratio).

Again the results agreed with the predictions of the fracture mechanics theory. An
increases in Young's modulus ( e.g. by higher P:B or R:H ) results in higher
adhesion unless the wettability is reduced ( producing larger interface flaws - i.e.
higher ^ ) or the coating thoughness is diminished (i.e. lower 8 C ) . A higher film
thickness was found to reduce adhesion due to the higher internal stress. Thus, the
adhesion can be maximized by balancing the requirements of high modulus and
toughness and low flaw size.
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Chapter 9. SUGGESTIONS FOR FURTHER W O R K

In this thesis some interesting phenomena and results have been found and discussed
which deepen the understanding of polymer-metal adhesion. However, a number of other
questions have also arisen from this work. These are briefly described below.

1. Effect of thermal fatigue on adhesion

As described in this thesis the adhesion strength is strongly effected by temperatur

(Chapter 5) and internal stress (Chapter 6). Also, the internal stress is developed b

changes in temperature. Thus, coating subjected to cycles of high and low temperature

may be subjected to adhesion loss through a fatigue process. This would be particular

apparent in applications such as roof sheeting where the temperature could easily va
over a 40-50°C temperature change on a daily basis. The varying internal stresses

developed from such temperature ranges could cause the extension of micro-cracks and

eventually lead to coating delamination. This aspect of coating adhesion requires fu

attention. An appropriate test method would need to be developed and then the thermal
fatigue resistance of coatings could be studied.

2. Effect of top coat curing on the adhesion of primer to the substrate.

Primers, by definition, are used as an undercoat beneath a suitable top coat. This th
has not considered the effects of top-coating on the primer-metal adhesion. However,

discussed in Chapter 6 the adhesion of the primer to the substrate is affected by th

baking cycle. Thus it would be expected that top-coating would affect primer adhesion

and should be studied. In addition, the inter-coat adhesion between topcoat and prime
little studied.
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3. T h e long-term durability of coating adhesion

This report has considered only the initial adhesion - i.e. tested shortly after coating
However, as discussed in Chapter 2 the adhesion durability is another important property
of the coating. Thus it is very important to study the factors that affect durability. It is
well k n o w n that adhesive joints often show poor durability in moist environments. Thus,
it would be useful to study the change in coating adhesion with time-particularly
comparing the performance in dry and wet environments. Another factor to be considered
would be the effect of internal stress on coating adhesion durability.

4. Effect of coating composition on adhesion.

Only a limited study of the effect of coating composition on adhesion was achieved in th
thesis. Further w o r k is required to more fully understand the effect of coating
composition. Three areas are suggested for study:

1) Effect of pigment on adhesion.
In Chapter 7 it has been shown that the pigment to binder ratio affects coating adhesion.
It w a s suggested that the pigment level effects the adhesion by changing the coating
properties such modulus, toughness and wettability. It would be useful to study the effect
of different pigments ( amount, shape, composition, size ) on the adhesion, to further
understanding of fracture processes that occur during coating removal.

2) Combined effect of coating thickness and pigment to binder ratio on adhesion.
In Chapter 7 it w a s shown that the effect of interaction of two factors (coating thickness
and pigment to binder ratio) on the adhesion is significant. However the mechanism of
this is not clear and further work is required to explain this phenomena.
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3) Effect of plasticizer on adhesion.
A s discussed in Chapter 4 the adhesion is affected by stress concentrations at the crack
tip. Addition of a plasticiser m a y aid the process of stress relaxation thereby increasing
toughness. According to the test results shown in Chapter 4 increasing toughness m a y
increase the adhesion at low temperature because the stress relaxation is critical at low
temperature. So adding plasticizer into coating material m a y improve adhesion at low
temperature, and should be investigated.
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